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Zusammenfassung

In dieser Arbeit betrachten wir verschiedene Finanzmarkt-Modelle, deren Dynamik auf
dem Kommunikationsverhalten der am Markt handelnden Agenten basiert. Das erste
Modell dieser Art hat Kirman in seinen Artikeln [18] und [19] beschrieben. Ein wei-
teres Modell, das wir betrachten, stammt aus dem Artikel [5] von Alfarano et al. Die
Modelle basieren im Wesentlichen auf den folgenden Annahmen: Es gibt eine feste Anzahl
Agenten N, die am Markt handeln. Diese Agenten lassen sich in zwei Gruppen aufteilen.
Diese Gruppen werden wir als Optimisten und Pessimisten bezeichnen. Die Dynamik des
Modells entsteht daraus, dass die Agenten zwischen diesen beiden Gruppen hin und her
wechseln. Entscheidend fiir den Zustand des Systems ist nicht die Gruppenzugehorigkeit
jedes einzelnen Agenten, sondern nur das Verhéltnis von Optimisten zu Pessimisten. Da
die Anzahl der Agenten konstant bleibt, reicht es, die Anzahl der Optimisten zu betrach-
ten. In den beiden oben genannten Modellen wird der Verlauf dieser Anzahl durch einen
Geburts- und Todesprozess modelliert. In dieser Arbeit werden wir zundchst das Verhalten
dieser Geburts- und Todesprozesse fiir den Fall betrachten, dass die Anzahl der Agenten
N gegen unendlich strebt.

Danach werden wir das Modell um einen weiteren Bestandteil, der weitere auf die Agen-
ten einwirkende Gegebenheiten beschreibt, erweitern; diesen wollen wir als Super-Agenten
bezeichnen. Dieser Agent kann verschiedende Meinungen vertreten und andert seine
Meinung im Laufe der Zeit. Die Meinung des Super-Agenten modellieren wir durch einen
Markovschen Sprungprozess auf einer endlichen Menge M. Durch seine Meinung beein-
flusst der Super-Agent die anderen am Markt handelnden Agenten. Aus diesem Grund
modellieren wir den Prozess der optimistischen Agenten durch einen Geburts- und Todes-
prozess in dem zufalligen Medium, das von dem Prozess des Super-Agenten erzeugt wird.
Zunéchst werden wir zeigen, dass dieser Geburts- und Todesprozess im zufalligen Medium
durch eine Diffusion im selben zufélligen Medium approximiert wird, wenn die Anzahl der
Agenten gegen unendlich strebt. Danach werden wir die stationdre Verteilung des Grenz-
prozesses betrachten.

Zuletzt werden wir noch den Fall betrachten, dass der Super-Agent seine Meinung sehr
schnell andert. Hierbei werden wir die Grenzprozesse sowohl fiir den Geburts- und Todes-
prozess im zufalligen Medium als auch fiir den Diffusionsprozess im zufélligen Medium
bestimmen. Es zeigt sich dabei, dass der resultierende Markt auch bei schnell variieren-
den aufleren Einfliissen stabil bleibt.






Abstract

In this paper we look at different models of financial markets whose dynamic is based on
the herding behaviour of the agents trading on the market. Kirman introduced the first
model of this kind in his papers [18] and [19]. We also consider another model that is
introduced by Alfarano et al. in the paper [5]. The basic assumptions of these models are
that there is a fixed number of agents N, who trade on the market. These agents can be
divided into two groups. We call them optimists and pessimists. The dynamic of these
models is based on the fact that the agents switch between the two groups. Important
for the state of the system is not the membership of each agent in one of the groups but
the relation between optimistic and pessimistic agents. Due to the fact that the number
of agents is constant, it is sufficient to look at the number of optimistic agents. In the
two models mentioned above, the number of optimistic agents is modelled as a birth and
death process. At first, we look at the behaviour of these birth and death processes in the
case that the number of agents /N tends to infinity.

After that, we extend the model with another agent, representing further influences for
the behaviour of the optimists and pessimists whom we call super agent. This agent can
have different opinions about the market and he changes his opinion from time to time.
We model the opinion of the super agent by a Markov jump process on a finite set M.
The super agent does not trade on the market but he influences the behaviour of all other
agents. Due to this fact, we model the process of optimistic agents as a birth and death
process in the random environment that is created by the super agent.

First, we show that these birth and death processes in random environment converge to a
switching diffusion process if the number of agents tends to infinity. After that, we look
at the stationary distribution of this limiting switching diffusion.

Finally, we look at the fast switching behaviour of the birth and death processes in random
environment and of the switching diffusion. Fast switching means that the super agent
switches his opinion very fast. It is shown that the market remains stable under very fast
switching.






Contents

1 Introduction 11

2 Basic facts on continuous-time Markov processes and their convergence 13

2.1 Basic facts on continuous-time Markov processes . . . . . . . .. .. .. .. 13
2.2 Representation of continuous-time Markov processes . . . . . . . . ... .. 14
2.3 Basic facts on the asymptotic behaviour . . . . .. .. ... 000 20
3 Agent-based models and their asymptotic behaviour 31
3.1 Pricing functions in agent-based models . . . . . . . ... ..o 31
3.2  Mathematical definition of herding processes . . . . . . .. .. ... ... 32
3.3 Asymptotic behaviour of the herding processes . . . . . . . . .. ... ... 33
3.4 Characteristics of the limiting process from model 2 . . . . . . . . ... .. 39

4 Generalised model as a birth and death process in a random environ-

ment 45

4.1 Mathematical description of the model with a super agent . . . . . .. .. 46
4.2 Diffusion approximation of the birth and death processes in a random en-

vironment . ... .. L. L L e e e 47

4.3 Conclusion . . . . . . . . L 55

5 Stationary distribution of the switching diffusions 57

5.1 Stationary Distribution . . . . . . . .. .00 o7
5.2 Approximate Solutions for the Stationary Distribution of the Switching

Diffusion . . . . . . .. 58

5.3 Stationary Distribution at Fast Switching . . . . . . . . ... ... ... .. 62

5.4 Conclusion . . . . . . . . . . 65

6 Convergence of fast switching processes 67

6.1 Fast switching of the super agent . . . . . . . ... ... 0. 67

6.2 Convergence of fast switching diffusion processes . . . . . . . ... .. ... 68

6.3 Convergence of fast switching birth and death processes . . . . . . ... .. 71

9



CONTENTS

A Mathematical basics for stochastic processes and their convergence 83
A.1 Basic definitions . . . . . . ... 83
A2 Weak convergence in Dg[0,00) . . . . . . . .. oo 84

Literature 87

10



Chapter 1

Introduction

Starting with the articles [18] and [19] of Kirman in the years 1991 and 1993, herding
models for financial markets are investigated in a variety of papers, see [1], [2], [3], [5], [13],
[20]. In the eighties of the last century entomologists analysed in a couple of experiments
the behaviour of ants that are faced with two identical food sources. They observed that
the ants exploited one food source more intensively than the other. Furthermore, from
time to time they switched their attention to the other source. This group behaviour can
be explained by interaction between the individual ants. In view of the fact that similar
behaviour has been observed on financial markets, Kirman used the observations of the
ants for a model of behaviour of agents on a market. The concept of these agent-based
models, also called ant models, is that we have N € N agents who trade on the market.
The agents can be divided into two groups e.g. optimists and pessimists or chartists and
fundamentalists. The behaviour of an agent is governed by this classification. Also we
assume that all agents communicate with each other. And it is possible that any agent
can switch his opinion. This takes place by communication with other agents or without
influence from outside.

One main problem of the model of Kirman is the so called N-dependence. This means that
the model gives a good approximation for markets with a small number of agents N, but
it cannot be used for large markets. The problem here is that the process of optimistic
agents, also called herding process, can be approximated by a Gaussian process if the
number of agents is large. As already known, this is not realistic for a financial market.
To overcome this problem Alfarano et al. introduced a modified model in [5]. In their
model they overcome the problem of N-dependence by speeding up the communication
between the agents.

In [5] the thermodynamic limit of these two models is considered. The thermodynamic
limit describes the case that the number of agents converges to infinity. Starting from this,
our first result is a rigorous mathematical proof of this asymptotic behaviour in Chapter 3.
In a next step, we introduce a new agent, called super agent, that does not trade on the
market but influences all other agents. With this agent we define a generalised herding
model. As one of our main results we also prove the behaviour of the thermodynamic
limit in this generalised model. Furthermore we look at the stationary distribution of this
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1. Introduction

generalised model and consider the case of fast switching. This means that the super agent
switches his opinion very fast.

In Chapter 2 we start with some basic facts on continuous-time Markov processes. There
we give the basic results for the representation of continuous-time Markov processes and
introduce some methods to consider the asymptotic behaviour of continuous-time Markov
processes. After that, we give the mathematical definition of the Kirman model and
the modified Kirman model in Chapter 3. We also look at the asymptotic behaviour
of these models and show some characteristics of the limiting process from the modified
Kirman model. In Chapter 4, we formulate the generalised agent model and look at its
limiting behaviour if the number of agents tends to infinity. The stationary distribution
of the limiting process from the generalised agent model is the main aspect in Chapter 5.
Finally, we take a look at the convergence of the generalised agent model in the case of
fast switching in Chapter 6. In Appendix A, the reader will find some basic information
about stochastic processes and their convergence.
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Chapter 2

Basic facts on continuous-time
Markov processes and their
convergence

In this chapter we introduce the basic facts about continuous-time Markov processes.
In Section 2.1 we give a short definition of the Markov properties and show different
representations of a Markov process with a finite or countable state space in Section 2.2.
Finally we show some concepts for the convergence of Markov processes in Section 2.3.
We use these concepts in Chapter 3 to look for good approximations of markets with a
large number of agents.

2.1 Basic facts on continuous-time Markov processes

2.1.1 Generalities

We consider a continuous-time Markov process (Xi)icp,00) With discrete state space S,
finite or countably infinite, having right-continuous paths. The Markov property states
that

P(Xt—l-s :j|Xt1 :xl,...,th :xn,Xt :Z) = P(XS :]’XO :Z) = PZ(S)

for all t,s > 0,i,j € S and ty,...,t, € [0,t),21,...,2, € S, i.e. the future development,
given the past and present, only depends on the present state ¢ and is time-homogeneous.
(Pij(t))i jes are stochastic matrices and are called the transition matrices.

The infinitesimal characteristics are given by

P,(t) Pult) ~ 1
¢ij = lim — J# q im ———,
and we assume 0 < ¢; = —q;; = Y i Bij < 00 for all states. The ¢;; are the transition rates

and the matrix ) = (g;;)i jes is the generator. @) uniquely determines the distribution of

13



2. Basic facts on continuous-time Markov processes and their convergence

the process and we have the matrix differential equation
P'(t) = P(1)Q, resulting in P(t) = .

A stationary distribution 7 = (m;);es fulfils the equation 77@Q = 0. To the generator @
corresponds the infinitesimal generator A which, for any bounded mapping f : S — 5,
defines a mapping Af : S — S by

Af(i) = tim 20 PIOU) = TE) s~ ey~ ray).

tl0 t
¢ J#i

It determines () uniquely and so the distribution of the process.
The transition rates fulfil

P(Xt IJ|X0 = ’l) = ql-jt—i—o(t),i 75']
P(X;=i|lXo=1) = 1—gqt+o(t).

2.2 Representation of continuous-time Markov pro-
cesses

In this section we introduce some methods to represent continuous-time Markov processes.
Later we use these representations to obtain different methods for deriving convergence of
continuous-time Markov processes.

2.2.1 Probabilistic representation

Starting from () we can realise the process in the following way. Let

qi; . .
Dij = —7727&]» pii = 0.

(2

This is the transition matrix of a discrete-time Markov process, the so-called embedded
process. When the process is in state ¢, it stays there for a random holding time, exponen-
tially distributed with parameter ¢;, and then jumps to j according to p;;. An equivalent
description is the following. Assume sup, ¢; < ¢ < oo and define

ry =it =1y
¢ i#i
When the process is in state ¢, it stays there for a random holding time, exponentially
distributed with parameter ¢, and then makes a transition to j according to r;;, so in this
second realisation the process may stay put in ¢ with probability r;;. This representation
immediately shows how such a process may be simulated by simulation of exponentially
distributed random variables and discrete transitions from ¢ to j. It also shows the different
roles of ¢; and %, the first determining the rate at which transitions occur and the second
the probabilitieé according to which the new state is selected.

14



2.2. Representation of continuous-time Markov processes

2.2.2 Representation using a random time transformation

We now assume that S is a subset of Z; setting transition rates outside of S equal to zero,
S may be assumed to be equal to Z. The basic building block is the Poisson process which
remains in any state ¢ = 0,1,2,... with exponential holding time with parameter 1 and
then jumps to ¢ + 1. A continuous-time Markov process (X;)icp,) fulfils the following
stochastic integral equation with (7)) = g; 4+

Xy =Xo+ )y Iy </Ot %(Xs)ds>

where the (Y)');e(0,00) are independent Poisson processes and we write Yy as Y(t); see [12],
Chapter 6 Section 4. Here the clock for the Poisson process Y runs with the random
speed f(f Y(Xs)ds. We shall see in Subsection 2.3.3 how this representation immediately
sheds light on the limiting behaviour for such processes.

2.2.3 Semimartingale representation

In this subsection, we leave the Markov processes and give a short introduction to the
theory of semimartingales with a focus on the definitions and theorems that we need in
Subsection 3.3.2 to show the convergence of the birth and death processes. For more
information about semimartingales we refer to the book of Jacod and Shiryaev [15].

Let (£2,F, P) be a probability space and (§;):>o be a right continuous filtration.

Definition 2.1 (cadlag process). For all w € Q the function o : [0,00) — E with
af = Xy(w) is called the path of a stochastic process X relative to w. The stochastic
process X is called cadlag (continue a droite, limitée a gauche) process if all paths are
right continuous and with existing left limits.

The jump process AX of a cadlag process X is defined by

AXt = Xt — Xt_ = Xt — II%XS
Definition 2.2 (semimartingale).
1. A semimartingale is a process X of the form
X=X+ M+ A, (2.1)

where X is finite-valued and §y—measurable, where M is a cadlag martingale with
My = 0, and where A is an adapted cadlag process of finite-variation with Ay = 0.

2. A special semimartingale is a semimartingale X which admits a decomposition
X = Xo+ M + A as above, with a process A that is predictable. This decom-
position is unique and is called the canonical decomposition.
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2. Basic facts on continuous-time Markov processes and their convergence

It is easy to show that all semimartingales are cadlag and adapted (see [15], Page 43).
The next proposition shows us one condition for a semimartingale to be a special semi-
martingale. Further conditions can be found in [15].

Proposition 2.3. If a semimartingale X satisfies |AX| < a for some a > 0, it is a special
semimartingale.

Proof. See [15], Lemma 4.24, Chapter 1.

Characteristics of Semimartingales

We now introduce the characteristic of a semimartingale. This characteristic describes the
local behaviour of a semimartingale and determines the semimartingale completely. The
concept of the characteristic of a semimartingale is a generalisation of the Levy-Khintchine
triple for Levy processes. But before we define the characteristic, we need some additional
concepts.

Proposition 2.4. Any local martingale M admits a unique decomposition
M = My + M®+ M?

where M§ = Mg = 0, M¢ is a continuous local martingale, and M? is a purely discon-
tinuous local martingale. A local martingale is called purely discontinuous if its quadratic
Variation process 1S a pure JUMp Process.

Proof. See [15], Theorem 4.18, Chapter I.

Definition 2.5 (continuous martingale part). M€, from Proposition 2.4, is called the
continuous part of M.

Now we use this definition to define the continuous martingale part of a semimartingale

X.

Proposition 2.6. Let X be a semimartingale. There is a unique continuous local martin-
gale X¢ with X§ = 0, such that any decomposition X = Xo+ M + A of type (2.1) meets
M= X¢ X°€is called the continuous martingale part of X.

Proof. See [15], Proposition 4.27, Chapter 1.
Proposition 2.7. Let X be an adapted cadlag R — valued process. Then

pX (@, dt, de) = 7 Tiax, ()0} (s, %, () (dE, dx)

s>0

defines an integer-valued random measure on Ry x R%. We call this the associated measure
of the jumps of X.

Proof. See [15], Proposition 1.16, Chapter II.
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2.2. Representation of continuous-time Markov processes

Definition 2.8.

1. The optional o—field is the o—field O on €2 x R, that is generated by all cadlag
adapted processes.

2. The predictable o—field is the o—field P on 2 x R, that is generated by all left
continuous adapted processes.

3. A process X on 2 x Ry that is O—measurable is called optional. A process W on
Q x Ry x R4 is called optional, if W is O ® BY—measurable.

4. Let p1 be a random measure and W an optional process on € x Ry x R? then we
define the integral process W x p for all w € €2 by

f[o,t]x[Rd W(w, s, z)pu(w; ds,dx) if f[o,t]x[Rd W (w, s, z)|p(w; ds, dr) < oo
00 otherwise.

Wk pu(w) = {

5. A random measure y is optional if W % u is optional for all optional functions W.

Proposition 2.9. Let W be a nonnegative optional function and

pX (@, dt, dr) = 1 ax, (w)£0)0(s A%, () (dE, dx)

s>0

be the jump measure of an R? — valued adapted cadlag process X as in Proposition 2.7.
Then

W = W(s, AX,)Liax0(s).
0<s<t

Proof. See [15], Proposition 1.14 and 1.16, Chapter II.

Theorem 2.10. Let p be an optional o— finite random measure. There exists a random
measure, called the compensator of p and denoted by p?, which is unique up to a P—null
set, and which is characterised as being a predictable random measure satisfying either one
of the two following equivalent properties:

1. E(W s pP)) = E(W x i) for every nonnegative P & B—measurable function W on
Q x Ry x R4,

2. For every P ® Bl—measurable function W on Q x Ry x R? such that |W|x u is a
locally integrable increasing process, |W | uP is a locally integrable increasing process,
and W sy — W x pP 1s a local martingale.

Proof. See [15], Theorem 1.8, Chapter II.

Definition 2.11. A bounded function A : R — R? is called truncation function, if
h(x) = z in a neighbourhood of 0.

17



2. Basic facts on continuous-time Markov processes and their convergence

For a truncation function h and a semimartingale X, we define
X(h): = ) _[AX, —h(AX,)
s<t
X(h) = X —X(h).
As AX(h) = h(AX) and h is bounded we know from Proposition 2.3 that X (h) is a

special semimartingale with canonical decomposition
X(h) = Xo+ M(h) + B(h), (2.2)

where M (h) is a martingale and B(h) is a predictable adapted process of finite-variation.

Now we have all notions to define the characteristics of a semimartingale.

Definition 2.12 (characteristics of a semimartingale). Let h be a fixed truncation function
and X : Q — R? be a semimartingale. We call characteristics of X associated with h the
triplet (B, C,v), consisting of:

1. B = (B;)i<a is a predictable adapted process of finite-variation, namely the process
B = B(h) appearing in (2.2).

2. C'=(C"Y); j<q is a continuous adapted process of finite-variation, namely
i — <Xi,c7Xj,c>7
where X is the continuous martingale part of X.

3. v is a predictable random measure on R, x R? namely the compensator of the
random measure pX associated to the jumps of X.

2.2.4 Examples of semimartingale characteristics for continuous-
time Markov processes

In this subsection we look at the semimartingale characteristics for two different kinds
of continuous-time Markov processes. As a first example we look at a diffusion process
on a subset E of R with drift parameter B and diffusion parameter o?. Under certain
conditions on B and o2, see [12], there exists such a diffusion process and its infinitesimal

generator is given by
1
Af(z) = B(2)['(z) + 50°(2) ["(x)
for all f € C*(F).
As a second example we look at a Markov jump process X on a finite set S; € R?. In
Subsection 2.1.1 we have seen that the process X is completely defined by its infinitesimal

generator A. This infinitesimal generator is of the form

Af() =Y ay(f(G) — £())

JF
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2.2. Representation of continuous-time Markov processes

for all f : S; — Sy For the calculation of the semimartingale characteristics of these
two processes we look at a general result for the relation between the semimartingale
characteristics and the infinitesimal generator of a Markov process from [10].

Let i : R* — R? be a truncation function with h(z) = x1y,<.y for r > 0.

Theorem 2. 13 Let X be an [Ito process with semimartingale characteristic
[ b(Xy)ds,Cy =[5 c(Xo)ds and v(de,dt)(w) = K(X,(w),dy)dt, where
b = (b )st : R — [Rd is a measumble function, ¢ = (), j<a is a measurable function
with values in the set of symmetric positive semi-definite matrices and K (z,dy) is a posi-
tive kernel from R? into R with K (z,{0}) =0 and [(min{||y|]*,1}) K (z,dy) < oo for all
r € R
Then, C*(RY) C D(A) and the restriction of the infinitesimal generator A of X to the set
C%*(R?) has the form

Af() = W@ )+ 5 Y Sy (2.3

1<d 1,7<d

o

here x* and y* denote the i — th component of the vectors x and y.

fla+y) = f(x) = Lon(llyl) Zyd Z K (x, dy),

i<d

Proof. See [10], Theorem 7.16.
With this theorem we are now able to calculate the semimartingale characteristics of our
two continuous-time Markov processes.

Theorem 2.14. Let X be a continuous-time Markov process on a finite set Sy C R with
infinitesimal generator A : B(Sy) — B(Sq) given by

=Y awulf(®) - f(2)
TH#x
for all bounded f : Sy — Sq. Let h : R* — R? be defined by h(x) = xlj,<, with
r < ming zes, ||z — ||
Then the semimartingale characteristic of X is giwven by B(h) = 0, C = 0 and
v(dy, dt)(w) = K(X¢(w), dy)dt with
K(ZL‘, y) = Qz,z+y-

Proof. Let X be a process on Sy with semimartingale characteristic B(h) = C' = 0 and
v(dy, dt)(w) = K(Xi(w),dy)dt with K(z,y) = qu(z1y)- Then it follows from Theorem 2.13
that the infinitesimal generator A of X is given by

Af(r) = / F@ty) — f(@) Kz, dy)
> qua(f(F) - f(x) = Af(x).

T#x
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2. Basic facts on continuous-time Markov processes and their convergence

Due to the fact that the infinitesimal generator uniquely characterises the processes X
and X, it follows that

x<£X.
From this it follows that the processes have the same semimartingale characteristic. ~ [J

Theorem 2.15. Let X be a diffusion process on E C R with drift parameter B and dif-
fusion parameter o?.
Then the semimartingale characteristic of X is given by the triple (B(h),C,v) with

B(h); = f(f B(Xy)ds, C; = fot 0%(X,)ds and v = 0.

Proof. The form of the semimartingale characteristics follows directly from the infinitesi-
mal generator of X and Theorem 2.13. O

2.3 Basic facts on the asymptotic behaviour

Let us assume that for N = 1,2,... we have continuous-time Markov processes (Z});>0
with state space Sy and transition rates q;’}[ , depending on N. In typical examples NV is the
size of a population or of a network. For large N, the exact behaviour is no longer tractable
so one has to rely on approximations. In mathematical terms, the limiting behaviour of
suitably standardised versions (X}¥);>o of (Z));>0 as N — oo has to be investigated.
There are various mathematical methods to achieve this.

2.3.1 Convergence via infinitesimal operators

Suppose that Sy C S for all N. The convergence of the process (X}¥);>o can be reduced
to a study of the convergence of the infinitesimal operators AY. This is a general fact and
does not depend on the assumption of discrete state spaces which are discussed here.
Assume that we find an operator A, defined on a suitable set D of bounded functions
f S — R, where Af again is a function Af : S — R, such that the following condition
holds

lim sup [AYf(y) — Af(y)] = 0.

—00 yeSy

If A generates a well-behaved Markov process (X;):>p, well-behaved here in the mathe-
matical sense of a Feller process, see [12], then

(XN) =0 converges to (X;)i>o.

In exact mathematical terms, this convergence takes place in the sense of weak conver-
gence in the function space Dg[0, 00), which includes the convergence of finite-dimensional
distributions and e.g. also convergence of stationary distributions and distributions of first
hitting times. We refer to [12], 1.6.1, 4.2.11.

In many examples, A will be a differential operator on a certain set D of twice differen-
tiable functions and the limit process will be a diffusion. We use this method in the next
subsection to show the convergence of birth and death processes to a diffusion process.
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2.3. Basic facts on the asymptotic behaviour

2.3.2 Convergence of birth and death processes via infinitesimal
operators

For all N € N let (Z});>0 be a homogeneous Markov process on {0, ..., N} with transition
probabilities

P(Ziis = 3128 = i) = an (i, 5)d + 0(0)
with gn (2,7 + 1),qn(i,0 — 1) > 0 and gn(i,7) = 0 for all j ¢ {i,i + 1,7 — 1} Then
(Z) )0 is a birth and death process with birth rate Ay (i) = qn(i,4 + 1) and death rate
pun (i) = gn(i,i — 1) for all i € {0, ..., N}.
In the following we use the method mentioned in 2.3.1 to look at the limit of the processes
(Z))i>0 if N tends to infinity. To show this, we look at the following transformation

_2z)
N

XN 1.

Then XV = (X});50 is a homogeneous Markov process on
2 2
Ey=¢-1,-1+—,...,1—-—,1
N { ) + N’ ) N’ }
with birth rates

Aw(z) = G (xﬁ%) . (N(x2+ 1)’ N(:c2+ 1) N 1)

and death rates

in () = <x’m_3> o <N(x—|—1)7N(x+1) _1>

N 2 2

for x € Ey. Here ¢y are the transition rates of the process X. We need various results
from the theory of Markov processes and refer to [12] and [16] as excellent sources.

General definitions

Let L be a Banach space.

Definition 2.16 (semigroup). A family (7'(t));>0 of bounded linear operators
T(t) : L — L is called a semigroup if

e 7(0) = Id and
o T'(s+1t)="T(s)T'(t) for all s,t> 0.

A semigroup (T'(t)):>o is called strongly continuous if

IimT(t)f = f

t—0

for all f € L.
A semigroup (7'(t))>0 is called a contraction semigroup if ||7'(¢)|| < 1 holds for all ¢ > 0.
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2. Basic facts on continuous-time Markov processes and their convergence

Definition 2.17 (infinitesimal generator). Let (T'(¢));>¢ be a semigroup. The infinitesimal
generator A of this semigroup is defined by

Af =lim

t—0

Ts-1
t

for all f € ©(A). ®(A) is the subspace of L where this limit exists.

Definition 2.18. Let X = (X}):>0 be a Markov process. Then the semigroup (7'(¢)):>o
with

T(t)f(x) = E(f(X)[Xo = x)

is called the semigroup of X.

Semigroups and infinitesimal generators of the processes (X} )¢

In this paragraph we calculate the semigroup and the infinitesimal generators of the birth
and death processes X V.

The semigroups
The semigroups of the birth and death processes (X¥)>o are given by
(Tn(t)): : B(Ex) — B(Ey) with

(Tn(t).f)(x) = B(f(X")]X5" = ).
for all f € B(Ey) and x € Ey. Here B(Ey) denotes the set of bounded functions from

EN to R.
We have

o (Tw(0)f)(x) = E(f(X)IXy" = 2) = f(x) and

[ J TN(S + t) = TN(S)TN(t)
The last equation is called the Chapman-Kolmogorov equation and follows directly from
the time homogeneity and the Markov properties of the processes X%, see e.g. [17].

(Tn(t))s>0 is a contraction semigroup because for all f € B(Ey),z € Eyn

(In(O)f)(@)] = [E(FXNXG = 2)] < sup |f(y)] = [If]-

yeEEN
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2.3. Basic facts on the asymptotic behaviour

(Tn(0)f) (@) = f@)] = [E[fX]) - f@)| X5 = 2]

- <max un(y)t+o(t) ) Cn
yeEEN

= Cy-t (m%x An(y) + max un(y) + @) :

Furthermore

sup [(Ty(t)f)(z) — f(z)| < Cn -t (max An (y) + max pn(y) + @) 10 0.

z€EN yeEEN yeEN t

where i and Ay denote the birth and death rates of the birth and death processes X*.
So the semigroup (T (t))s>o is strongly continuous.

The infinitesimal generators of the semigroups (Tx(¢)):>0

In the next step we take a look at the infinitesimal generators of our birth and death
processes. As mentioned in 2.3.1 the infinitesimal generators are relevant to show the
convergence of the birth and death processes. Our first observation is

B - f@IXY =a] = O+ o) |1 (24 3 ) - )]

Hence



2. Basic facts on continuous-time Markov processes and their convergence

Therefore the infinitesimal generator is given by

Anf@) =) £ (04 5 ) = 10| + (o) |1 (2= %) = )]
for all x € Ey.

Convergence of the processes X"V

In this paragraph we show that the birth and death processes converge to a diffusion
process if the number of agents tends to infinity. For this we first show in Theorem 2.20
that the infinitesimal generators Ay of the birth and death processes converge to the
infinitesimal generator A of a diffusion process. Then we show in Theorems 2.23-2.25 that
there exists a diffusion process X with this infinitesimal generator A and that the birth
and death processes XV weakly converge in Di_111[0,00) to this diffusion process X; see
[12] for a detailed discussion of this convergence. To show this convergence of the birth
and death processes we need one further condition. Let E := [—1,1].

Assumption 2.19. There exist two functions B : [-1,1] — R and ¢? : [-1,1] — [0, 00)
with

, 2
&ﬂofgﬁ ~ (@) —pn(@)) = B(z)| = 0,
. 4 2

ngr;%selgv ~z (@) +un(z)) — o)) = 0

and 0? € C?(E), 0*" is bounded, B : E — R is Lipschitz continuous and
o*(r;) =0 < (=1)'B(r;)
for i € {0,1}, where ro = —1 and r; = 1.

For all z € [—1,1] let

1

Af(z) = B(@)f'(x) + 50*(@) f"(2).

For k € NU {oco} let C*(E) be the set of all functions f € C*((—1,1)) with finite limits
of the derivatives in the points —1 and 1, denoted by fW(1), fO(—1) for all [ < k.

Theorem 2.20. For all f € C*(E)

im sup |Ayf(y) — Af(y)| = 0.

1
N—=o00 yEEN
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2.3. Basic facts on the asymptotic behaviour

Proof. Let f € C*(E). Let z € Ex \ {—1,1}. Then we get by Taylor approximation

Anf(e) = (o) [0+ 37+ 200+ o (35 ) - 1)

b (o) [0 = 7@+ @) +o(57) - @)

= S Ow(E) — (@) () + g (@) + ()1 (@)

1
+ (An(z) 4+ pn(x))o (ﬁ) :
Due to the fact that f € C?, the error term o(x5) is uniform in 2. Because of finite limits
of all derivatives in the points —1, 1 and the notations above, it is easy to check that this
approximation holds also for x € {—1,1}.
Hence for all x € Ey

Avf(r) = Af@)] < |2 Owla) = () = B@)| I ()]
+ g Owle) + () — 50%(@)| 17()

+ O (@) + ()0 (%) ‘ |

This shows

sup | f'(z)]

zelR

sup |Ayf(z) — Af(z)] < sup %()\N(x) — hn(x)) — B(x)

rz€EN z€EN

s |0 (@) + ax () - 50

z€EEN

sup | f” ()|
zelR

z€EEN N2

+ s [t + e (33 ).

Since f € C*[—1,1], sup,cp | f'(x)| and sup,cp | f”(z)| are finite. By using this and the
Assumption 2.19 it follows that the first two terms tend to zero for N tending to infinity.
The last term tends to zero due to the fact that (Ay(z) + pn(z)) is of order N? by
Assumption 2.19, and that the error term is uniform in x. ]

In the following, we show that there exists a process X with infinitesimal generator A, so
that the birth and death processes Xy weakly converge to X in Dg[0,00). But first we
need some further results and definitions from [12].
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2. Basic facts on continuous-time Markov processes and their convergence

Definition 2.21 (Feller semigroup). A semigroup (7'(t));>o on C(E) is called positive, if
T(t) is a positive operator for all ¢ > 0. A positive contraction semigroup (7'(t)):>o on
C(F) is called a Feller semigroup, if

1. T(t)C(FE) CC(F) for all t > 0.
2. T(t)f(x) = f(z) for all f € C(F),z € E.

Definition 2.22 (core). A subset D C ®(A) is called core of an infinitesimal generator
A : L — L, if the closure of the restriction of A to D is equal to A i.e.,

{(/,Af) : f e Dy ={(},Af): [ € D(A)}.

Next, we will explain that the infinitesimal generator A generates a Feller semigroup

(T'(t))e0 on C(E).

Theorem 2.23. The infinitesimal generator A = B(a:)% + %02(;15);{—;2 generates a Feller
semigroup (T'(t))e>o on C([ro,m1]) with core C*°([ro,m]) if

(i) 0® € C*(E),0% >0 and 0*" is bounded,
(i) B: E — R is Lipschitz continuous and
(iii) o2(r;) =0 < (=1)'B(r;) fori € {0,1}.

Proof. See [12], Theorem 2.1, Chapter 8.
The next result shows that the semigroups of the birth and death processes (T (t)):>0

converge to the semigroup 7' of the diffusion process.
Define ny : Ey — E with ny(z) =z and ny : B(E) — B(Ey) with 7y (f) = f onn.

Theorem 2.24. Let (Tn(t))i>0, N € N and (T'(t))i>0 be strongly continuous contraction
semigroups on B(Ex) and C(FE) with infinitesimal generators Ay, N € N, and A. Let D
be a core for A. Then the following are equivalent:

1. For each f € C(F)
TN(t)ﬂ'Nf — T(t)f

for allt > 0, uniformly on bounded intervals.

2. For each f € C(E) and allt >0
TN(t>7TNf — T(t)f

3. For each f € D, there exists fy € D(Ay) for each N > 1 such that fxy — f and
ANfN — Af

Proof. See [12], Theorem 6.1, Chapter 1.
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2.3. Basic facts on the asymptotic behaviour

Theorem 2.25. Suppose that (T'(t))i>o is a Feller semigroup on C(E) and that for each
t>0and f € C(F)

If Xn(0) has limiting distribution v, then there is a Markov process X corresponding to
(T'(t))i>0 with initial distribution v and sample paths in Dgl0,00), and

Xy — X weakly in Dg[0, 00).
Proof. See [12], Theorem 2.11, Chapter 4.

Conclusion.

By Theorem 2.20 and from Assumption 2.19 it follows that the infinitesimal generators
Ap of our birth and death processes converge for f € C*(FE) to the operator

Af(x) = B@)f'(x) + 50* (@)1 (@),

By Theorem 2.23 the operator A generates a Feller semigroup. Furthermore it follows from
Theorem 2.23 that C*°(E) is a core for this process. So we obtain from Theorems 2.24
and 2.25, that there exists a process X on E = [—1,1] with infinitesimal generator A so

that
N _ 227 :
XV = T_l — X weakly in Dgl0, 00).

2.3.3 Convergence via the Representation 2.2.2

For a concise discussion we let N denote the size of a population and Sy = {0,1,..., N}.
ZN describes the random number of a certain species within the population. The stan-
dardised version is given by the proportion of this species

_22)
N

taking values in {—1,—1+ %, A %, 1}. Now assume that the transition rates for
(ZtN)tEO fulfil

XN 1

0 =atii+0) = N (5 1)

for some bounded function 8 on [—1,1]. From Subsection 2.2.1 we know that the time
between two transitions of the process is exponentially distributed with parameter
@' = Z#i qn(i,7). Due to the fact that all qy(i,j) are of order N, ¢ is also of or-
der N for all ¢ € Sy. Then the mean time between two transitions is of order % This
implies that the mean number of transitions in one unit of time is of the order N, equal
in order to the size of the population. So we expect a law of large numbers to hold for
XN hence a non-random limiting process (X;);>o, and similarly a central limit theorem.
This may be seen with the following arguments, and we refer to [12], 11.2 for a rigorous

and complete discussion.
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2. Basic facts on continuous-time Markov processes and their convergence

A law of large numbers

Let Y; = Y, — ¢ be a centered Poisson process. The law of large numbers for this process
states that for all ¢

1 -
sup | —Yns| — 0 almost surely for N — oo.

s<t

Using the representation from 2.2.2 for (Z}¥),;>o we have, with f(z) = >, 13(z),

XtN:Q? XN+ZZ Yl( /@XN ) /fXN

So our random clock has a speed of order N. Assuming XY — x4 and Lipschitz continuity
of f, the law of large numbers for the centered Poisson process implies for all ¢ > 0

sup X;V — X,| — 0 almost surely for N — oo,
s<t

where (X})>0 is the non-random solution of the differential equation

d
aXt f(Xt)a Xo = xo.

A central limit theorem

The basic central limit theorem states that, for a sum of i.i.d. random variables X; with
finite mean p and finite positive variance, the normalised sum \/LN Zi]il(Xi — 1) converges
to a normal distribution. Writing

X e

we see that the term % ZZN:1 X,; — p, which tends to zero according to the law of large

numbers, has to be enlarged by a factor v/ N to obtain a non-degenerate asymptotic normal
distribution. This is a wide-spread phenomenon, so in our setting it is readily conjectured

that the stochastic process <\/N (XN — Xt)> converges to a non-degenerate process
>0

which is Gaussian. To see this we use the central limit theorem for the centered Poisson
process. This states that for the process (W/)io with WY = \/LN(YM — Nt)

(WtN )t>0 converges to a standard Wiener process (W;):o.

Set

VY o= VNN - X)) = %JerWZN(/BXN ) /\/— FIXN) = F(X,)ds

= VN+ZZW”V(/&XN ) /\/_( X+\/LNVN) f(X))ds.
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2.3. Basic facts on the asymptotic behaviour

Letting N tend to infinity the limiting equation looks formally, with V{¥ — vy,
t
Vi=wvy+U; + / 1(X,)Vids
0

where Uy = ), lWl(fg Bi1(Xs)ds) is a Gaussian process. It can be proved rigorously that
in fact

(VN(XY — X;))i=0 converges to a process (V;)i=0
with (V;):>0 a solution of the limiting equation. Since (Uy);>¢ is a Gaussian process, (V;)i>o
also is a Gaussian process. Gaussian processes are uniquely determined by their mean and
covariance function. From the limiting equation one can obtain the following expressions:
Let g(t, s) be a solution of

d
Eg(tv S) = f/(Xt>g(ta 3)7 g(sa S) =1
Then the mean of V; is given by ¢(¢,0)vy and the covariance is given by

min{t,r}
Cov(V,, V) = / g(t,s)g(r,s) ZZQEZ(XS)dS. (2.4)
0 !

Here it is important to recall that the process X is non-random, hence the covariation is
also non-random.
So we obtain that the process

1
(XN)>0 is approximated by (X + —V) ,
b= ' \/N ' >0

hence

N N N
(ZN)>0 is approximated by (§Xt + th + 5) :
>0

The distribution of Z} is approximated by a normal distribution with mean

N N

and variance

N
ZV@T(Vt).

2.3.4 Convergence of semimartingals

In this paragraph we show the main theorem for the convergence of step Markov processes
to a diffusion process. We look at a family of pure jump Markov processes (XV)yen, so
that the infinitesimal generators have the form

AN f(a) = / e+ ) — F@) KN (2, dy). (2.5)

The initial distributions are denoted by 7.
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2. Basic facts on continuous-time Markov processes and their convergence

Definition 2.26 (martingale problem). Let X be a cadlag adapted process on a measur-
able space (2,2() with a filtration (§;):>0. Let h be a truncation function and (B, C,v)
a triple as in Definition 2.12. Let $ be a initial o—field, and Py an initial probability
measure on (2, $).

Then a solution to the martingale problem associated with (), X) and (Py; B,C,v) is a
probability measure P on (£2,§F) such that:

1. The restriction Pg of P to $) equals Pp;

2. X is an semimartingale on the basis (2,2, (F:):, P), with characteristics (B,C,v)
relative to the truncation function h.

We denote by s($), X|Py; B,C,v) the set of all solutions P.

With this definition we are able to show the main condition for this convergence. This
condition ensures that a unique limiting process exists.

Condition 2.27 (uniqueness-measurability hypothesis).

1. For each = € [—1,1] the martingale problem s(o(Xy), X|0,; B,C,v) has a unique
solution P,

2. x — P,(A) is Borel for all A € 2.

Now we need some definitions before we can formulate the main theorem.

Definition 2.28. Define
L by(z) = [yK" (z,dy),
2. en(x) = [y KN (z,dy),

with KV from (2.5).

Theorem 2.29. Assume that 2.27 holds, with v = 0 (so the limiting process will be a
continuous diffusion process), and that b and ¢ are continuous functions on R. Assume
also that,

1. by = b and cy — ¢ locally uniformly;
2. SUP,1pi<a | V1 (y>e) Kn(x,dy) — 0 as n — oo, for all € >0,
3.y — n weakly on R.

Then the laws £(Xy) weakly converge in Dg[0,00) to P = [n(dx)P,, the law of the
diffusion process with coefficients b and ¢ and initial distribution 7.

Proof. See [15], Theorem 4.21, Chapter IX.
We will use Theorem 2.29 in Subsection 3.3.2 to show the convergence of a birth and death
process to a diffusion process.
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Chapter 3

Agent-based models and their
asymptotic behaviour

In this chapter we look at the definition and the asymptotic properties of ant models.
Ant models consist of two components. The first component is a dynamic model for the
number of agents in the two groups. This component is called herding process. Here
we look at models with a fixed number of agents so it is enough to give a model for the
agents of the first group, e.g. the optimistic agents. The second component is a pricing
function that translates the herding process into a price for the asset traded on the market.
Mathematically the first part is the more challenging part of such models, therefore further
work is concentrated on this one. We give a short overview of the second part in the next
section, but refer for details to the articles [1], [2], [3], [5]. After that we treat the model
of Kirman introduced in [19]. Due to the fact that this model shows N-dependence, so
that the asymptotic properties for a large number of agents are not corresponding to the
stylized facts. We then look at the model of Alfarano et al. from [5] that overcomes
this problem. In Section 3.2 we give a mathematical model for the process of optimistic
agents which is described as a birth and death process. In Section 3.3 we use the methods
introduced in Section 2.3 to take a mathematical look at the asymptotic behaviour of the
processes if the number of agents on the market tends to infinity. Finally we calculate
some properties of the limiting process of the second model in Section 3.4.

3.1 Pricing functions in agent-based models

Before we start modelling the herding process and analysing its properties, we short in-
troduce the pricing functions in agent-based models for financial markets. The pricing
function links a given herding process to a price on the market. So we assume for this
section that the herding process is given by a stochastic process (X;);>o on [—1, 1].

Here we introduce the pricing model mentioned in [5]. We assume that there are two
different types of agents. The first type is called fundamentalists (F'). They buy or sell
assets if the current price p is below or above a fundamental price pf. For a simpler
calculation it is assumed in [5] that the fundamental price is constant over time. But for a
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3. Agent-based models and their asymptotic behaviour

more realistic price p we may assume that the logarithm of the fundamental price follows
a Brownian motion W that is independent of the herding process. The second type of
agents is called noise traders (C'). They are driven by a herding instinct. These agents can
be either optimists (O) or pessimists (P), depending on their expectation of the future
prices.

In the model in [5] Alfarano et al. assume that the number of fundamentalists N and the
number of noise traders N¢ is constant over time. Further for any time point ¢ € [0, 00)
the number of optimistic agents Ny is given by

Xt+1>

NOt:NC( 5

Due to the fact that the number of noise traders N¢ is constant, the number of pessimistic
agents Np at time t is Np; = No — Noy.

With the assumption that the trading volume of the fundamentalists is the same as the
volume of the noise traders, and under market clearing, Alfarano et al. showed in [5] that
the price p is approximated given by

Pt = PFGXt-

3.2 Mathematical definition of herding processes

In agent-based models we have a population of N agents interacting on a financial market.
These agents are of two different types, e.g. optimists and pessimists. The number of
agents of one type, e.g. optimists, is described by a continuous-time Markov chain (Z});>¢
with state space {0,1,..., N}. Agents may switch from one type to the other and it is
the usual assumption that (Z});>o follows a birth and death process where

gn(i,i+1) =0 for |I| > 1.

Here, a birth means the conversion of a pessimist to an optimist, a death the opposite
conversion. The birth rate, and death rate respectively, are

Av(i) =qn(i,i+ 1) fori=0,1,...,N—1, uy(i) =qn(i,i —1) fori=1,..., N,

with Ay (V) = pun(0) = 0. For a birth and death process model the probability of multiple
switches in a time interval of length ¢ is of the order o(t) as ¢ tends to zero.

In the two models mentioned in [5], this swing of opinion can happen due to two factors.
The first is that the agent changes his opinion without influence of his peers. The second
is a change due to group pressure. For this it is important to assume that the agents are
connected in a network and communicate with each other. For simplicity we work with a
fully connected network, that means that any two agents are connected. We refer to [6]
for a detailed discussion of possible underlying network structures.
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3.3. Asymptotic behaviour of the herding processes

The two models from [5], let us call them model 1 and model 2, are characterised by the
following birth and death rates. Here model 1 is the original Kirman model introduced
in [19], with the problem of N-dependence. Model 2 is a slightly modified Kirman model
introduced by Alfarano et al. in [5]. Later we will see that this model is able to overcome
the problem of N—dependence.

Model 1 looks at the birth and death rates
N — z)
N b

An(i) = (N — i)(a+ b%), (i) = i(a+ b

Model 2 looks at the birth and death rates
An(i) = (N —i)(a+bi), un(i) = i(a+b(N —1))

where a describes the overall tendency to switch, b the tendency due to group pressure.

In model 1 Ay(i) is the rate for the switching of a pessimistic agent gets optimistic if
we have ¢ optimistic agents at the moment. This means that we have N — i pessimistic
agents who can switch, each of them can switch with rate a without influence by the other
agents. Also he chooses randomly another agent to meet. With probability % this is an
optimistic agent and then the agent switches with rate b due to this meeting. Together
we get Ay (i) = (N —4)(a + b4 ). In the same way we can interpret sy (i). The change in
Model 2 is that the agents not only choose one agent to meet. They are always influenced
by all other agents of the other group. It looks like only a small change but later we will
see that this small change is very important for the asymptotic behaviour of the models.

3.3 Asymptotic behaviour of the herding processes

In this section we look at the asymptotic behaviour of the two models. We are interested
in the behaviour of the models for a large number of agents. To show the convergence we
use the methods mentioned in Chapter 2.

3.3.1 Analysis of model 1

We slightly generalise the model to Ay (i) = (N — i) (al + bli]'v) , un (i) =4 (a2 + by N]\;i)
and have with y = ]%[

gn(i) = An(i) +pn () = N[(1 —y)(ar + biy) + y(az + ba(1 — y))]
An(7) B 1
An () + pn (@) T+ = y)(ar + biy)] tylaz + ba(1 = )
py(i,i—1) = 1—py(i,1+1).
So we see that the expected number of switches which may be loosely interpreted as being
proportional to the expected number of encounters of agents in one unit of time is of the

order N. The probabilities py(i,i+ 1) and py(i,i — 1) which describe into which direction
switching occurs only depend on the fraction of agents of one type in the population.

pN(i,i + 1) =
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3. Agent-based models and their asymptotic behaviour

Convergence via method in 2.3.3

The limiting behaviour of the normalised process X}¥ = QJZ\;N — 1 follows readily from 2.3.3.

Using the notation from this section we have

92

with 81(z) = 3(1 — 2)(2a1 + bi(1 + 2)), B-1(z) = 1(1 + )(2a2 + by(1 — z)) defined for
x € [—1,1]. From this it is clear that 2.3.3 applies. We have

(1 =2)(2a1 +b1(1 4+ x)) — (1 + z)(2ag + b2(1 — 2))) .

FN

f(@) = Bi(z) = Ba(z) =

The limiting process is the non-random solution of the differential equation, which is an
inhomogeneous Bernoulli-differential equation

d
%Xt = f(Xt)a XQ = 29-

As we have seen in 2.3.3, the standardised differences v N (X —X,) tend to a Gaussian pro-
cess V. Assume 1V, = 0, the mean value function is zero. We have
f'(z) =5 ((ba — bi)z — (a1 + az)), and the covariance function may be computed, at least
numerically, from the linear differential equation

0(1.5) = J'(Xg(t,5), 9(s.5) = 1

and the resulting expression in 2.3.3. Let us now make the following standard assumption

bl = bg =b. Then

flz) = %(al + az) (al — —ZL“> )

ap + as

and it follows

a; — a2 a1 — az _1
Xt = — (xo — e 2(a1+a2)t‘

ay + as ay + as
This shows that X; converges to % as t — oo.
We have f'(z) = —%(a; + a2) and a solution of the differential equation above is given by
gt ) = e b=
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3.3. Asymptotic behaviour of the herding processes

From (2.4) the covariance of the Gaussian process is given by
Cov(V, V)
min{t,r} )
= [ sttt X Eacx.)ds
0 ]

min{t,r} L 1
— / e z(arta)(thr=2s) (5 (a1 + a2) — (a1 — a2) X + b(1 — Xf)]) ds
0

min{¢,r}
6_5(“1“2)(””/ e 1T92)s (g 4 ay) — (a1 — a2) X, + b(1 — X2)) ds
0

min{t,r 2
—1(a14az)(t+r) / o To — A ds
0 ay + az
min{¢,r} . _
_ / 6%(a1+a2)s |:<<a1 o a2> i 2@1 CL2> <£L’0 B ai a2):| ds
0 ay + as ai + ag
min{¢,r} . 2 B 2
+ / 6(a1-i-a2)5 (a1 + 0,2) o (al a2) +pl1- <G1 CLQ) ds
0 ay + az ay + as

2
e—%(a1+az)(t+7") [<x0 _a- aQ) min{t,r}

N~ DN~
)

DN | —

a1+a2

_ 9 (CLl — a9 +9 ap — az ) (230 . ay — a2) |:€%(a1+a2)min{t,7"} o 1]
ai + as (&1 + a2)2 ai + as

2 2
n 1_ a]p — Ao I b 1— (al - a2) [e(alJrag)min{t,T} . 1}
a1 + as aj + ag ai + a

Convergence via infinitesimal operators

For using the method from 2.3.2 we have to verify the conditions from Assumption 2.19,
namely

2
I = (Ow(@) — — B(z)| =
i sup v (Av(@) = (@) = B(z) 0,
. 4 9
A}fé%selgjv W(AN(@ +pun(z)) —o(z)| = 0,

and 02 € C?(E), 0® is bounded, B : E — R is Lipschitz continuous and
o%(r;) = 0 < (=1)'B(r;) for i € {0,1}, where rp = —1 and r; = 1. The standardised
27

N
t

processes X}V = — 1 of the slightly generalised model with b := b; = by are birth and

N
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3. Agent-based models and their asymptotic behaviour

death processes on the sets £y with birth and death rates

Av(z) = E(l —x)(2a; +b(1 + x)),

4
() = S0+ ) (2 51— 1))
Easy calculations show
(@) — () = g ((ar — as) — (a1 + a3)z) and
Anv(z) + pn(z) = g ((a1 + az) — (a1 — az)z + b(1 — 2?)) .

Hence Assumption 2.19 is fulfilled with
B(z) = (a1 — as) — (a1 + a2)z and 02(x) =0.

Using the methods of 2.3.2 we know that the birth and death processes X* converge to a
limiting process X with infinitesimal generator

Af(@)(z) = (a1 — az) = (a1 + az)z) f'(=).

From this it follows that the limiting process is the non-random process

X, =BTy, - B e
aq + a9 a; + ao

Conclusion

The two methods have shown that in case of model 1 the herding process converges to a
nonrandom process, and that it can be approximated by a Gaussian process if the number
of agents is large. From these facts, the model 1 does not seem to be appropriate for
modelling markets with a large number of agents as it does not cover stylised facts as
heavy tailed returns and volatility clustering. To overcome this problem of the so-called
N —dependence Alfarano et al. introduced the model 2 in [5].

3.3.2 Analysis of model 2

The standardised processes X}¥ = % — 1 of the slightly generalised model 2 are birth
and death processes on the sets Ey with birth and death rates

An(z) = NTQ(l — ) (% +b(1 + x)> :

N2

) = S (1t ) (2%2 +b(1 — x)) |
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3.3. Asymptotic behaviour of the herding processes

Furthermore we have

QN(m) _ )\N(x) +,UN<5U> _ N? ((al +a2) ;V(al - CLQ)CL’ i %2[)(1 _1,2)) _

There are two changes with regard to model 1. The expected number of switches in one
time period has increased to the order of N2, and the overall tendency of switching has
decreased to the order of % This, of course, is a dramatic chance, as e.g. for N = 100,
the number of switches in one unit of time is no longer of the order 100 but of the order
10.000. Due to the first change it is clear that a law of large numbers as stated in 3.3.1 for
model 1 can no longer hold. To analyse the asymptotic behaviour of the system we use the
method of infinitesimal operators as described in 2.3.2 and the method of semimartingale
characteristics from 2.3.4.

Convergence via infinitesimal operators

Due to the fact that
An(z) — pn(z) = ((ag — az) — (a1 + az)x) and
2

(a1 + az) — (a1 — az)w) + NT (2b(1 — %))

| =] =

An(z) + pn(z) =
Assumption 2.19 is fulfilled with
B(z) = (a1 —a2) — (a1 + az)r and
o*(z) = 2b(1 —2?).
Therefore the limiting process X is a diffusion process with infinitesimal generator
Af(2) = (a1 — a2) = (a1 + ax)z) f'(2) + (1 — %) f"(2).

As explained in 3.4.1 this is the infinitesimal generator of a diffusion process with drift
(a1 — ay) — (a1 + az)x and diffusion parameter 20(1 — z)%.

We can also interpret these birth and death processes as semimartingales as defined in
Subsection 2.2.3. If we do so, we can use the convergence method for semimartingales as
shown in Subsection 2.3.4.

Convergence using the semimartingale characteristics

In this paragraph, we use Theorem 2.29 to show that the birth and death processes con-
verge to a diffusion process. The infinitesimal generator of the birth and death process for
a market with IV agents is given by

Anf@) = @) |1 (o4 3) = 1@ x| (0= 5 ) - 5] G
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3. Agent-based models and their asymptotic behaviour

So the transition measures KV are given by

KN(:I:,%) _ )\N(a:):NT(l—x) (%M(H@),
K" (z, —%) = un(z) = Nj(l + ) (% +b(1 — w)) :
K¥(z,y) = 0for allygé{%,—%}.

So we get by, cy defined in 2.28 by

b (z) = %AN(:C) - %MN(:E) (@1 — as) — (@1 + ax)x (3.2)
and
en(z) = %AN@:) + %MN(:E) _ %(al Fas— (@ —an)z) £ 2b(1—2%).  (33)

From this it follows directly that by converges uniformly to
B(z) = (a1 — az) — (a1 + a2)z

and ¢y converges uniformly to
c(x) = 2b(1 — 2?).

In the paragraph before we have shown that there exists a diffusion with drift parameter
b and diffusion parameter ¢. From this we know that Condition 2.27 holds. Furthermore

2
sup /KN(:c,dy)y21{|y>€} =0 for all N € N with N > -

x|zl <a

So it follows from Theorem 2.29 that the birth and death processes converge weakly in
Di_111[0, 00) to a diffusion process with drift coeflicient B(z) = (a1 — a2) — (a1 + az)x and
diffusion coefficient o?(z) = 2b(1 — 2?).

3.3.3 Conclusion

In this section we used the methods from Chapter 2 to show the convergence of the birth
and death processes for our two models. At first glance the two models are looking rather
similar. But if we analyse these models, we see that for model 2 the number of switches
in one time period increases from the order of N in model 1 to the order of N2. In the
agent models we can interpret this as an increase in the communication speed because
each agent has no longer only one meeting in one time period. In model 2 each agent
communicates with N other agents. As we have seen in Subsection 3.3.2 this increase in
communication speed helps us to overcome the problem of N-dependence. Due to the
fact that model 2 does not have the problem of N-dependence it is possible to use it for
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3.4. Characteristics of the limiting process from model 2

markets with a large number of agents. In Subsection 3.3.2 we have seen that the birth
and death processes of model 2 converge to a limiting diffusion process if the number of
agents tends to infinity. This helps us because it is usually easier to analyse a diffusion
process than a birth and death process with a large number of agents. Hence we analyse
the limiting diffusion process in the next section as a good approximation for model 2 if
the number of agents is large.

3.4 Characteristics of the limiting process from model 2

From the form of the infinitesimal generator
Af(z) = ((a1 — ag) — (a1 + az)x) f'(z) + b(1 — 22) f" (),

we know that the limiting process X is a diffusion process on [—1, 1]. In this subsection we
calculate the diffusion and drift parameter of the limiting process and derive the boundary
behaviour of this process. Further we calculate the stationary distribution of this process.
More characteristics of this process are mentioned in [5]

3.4.1 Diffusion and drift parameter

Definition 3.1. The drift parameter B is given by

Fl X, — Xol Xy =
B(z) = lim X | Xo = 7]
tl0 t

and the diffusion parameter o is given by

El(X, — X0)%|X, =
o2(z) = lim [(X: 0)”[Xo 55]‘
t10 t

With this definition we can calculate the parameters of the limiting diffusion process.

Proposition 3.2. The parameters of the limiting diffusion process X are given by
B(z) = (a1 — az) — (a1 + az)x and o*(x) = 2b(1 — x)?* for all x € [-1,1].

Proof. We calculate the drift parameter from the infinitesimal generator A with the func-
tion fi(x) = x. With this function we get

B(z) = Afi(2) = (a1 — ag) — (a1 + az)z) - 1 +b(1 — 2?) -0 = (a1 — az) — (a1 + az)z.
For the calculation of the diffusion parameter we use the functions f; and fo(z) = 2.
Then we get

o*(x) = Afa(z) = 22Af(v)
= ((a1 — ag) — (a1 + a2)x)(2x) + b(1 — 2?)2 — 22((a1 — az) — (a1 + az)x)
= 2b(1 — 2?).
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3. Agent-based models and their asymptotic behaviour

3.4.2 Boundary behaviour of the limiting process

We now provide a discussion of the boundary behaviour of the limiting diffusion and refer
to [16] and [17] for a detailed discussion of the basic results which are used here. For ease
of exposition we only look at the case a := a; = as. The general case can be treated in
the same way.

The boundary behaviour of a diffusion process is characterised by the following two func-
tions.

Definition 3.3 (scale and speed measure). The scale function S is defined by

S(z) = /0 s(y)dy with s(y) = exp {— /Oy Qﬁ(f)) dz} |

From the scale function we obtain the scale measure by

Sle,d] = S(d) — S(c).

The speed measure M is defined by
with m(z) = -

d
M[c,d]:/ m(z)dx
o?(z)s(x)’

For the characterisation of the boundaries we define the following functions:
= [ M0, y]dS(y),
= Jy S[0,y)dM (y).
With these functions a boundary point r € {—1,1} is characterised as
1. regular, if u(r) < co and v(r) < oo,
2. entrance, if u(r) = oo and v(r) < oo,
3. exit, if u(r) < oo and v(r) = oo,
4. natural, if u(r) = oo and v(r) = occ.

For the process this means the following: A process can both enter and leave a regular
boundary. The behaviour of the process in the boundary must be specified additionally,
this can be done by assigning a speed M [{r}| to a boundary r. If this speed is zero, the
boundary is a reflection boundary. If 0 < M[{r}] < oo, the boundary is a sticky boundary,
this means that the process spends a positive time in the boundary point before leaving
it. If the speed is infinity, the boundary is an absorption boundary. Due to the fact
that our birth and death processes are reflected at the boundaries we set M[{r}] = 0 for
r € {—1,1}. The process cannot reach an entrance boundary from the interior but it is
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3.4. Characteristics of the limiting process from model 2

possible to begin the process in an entrance boundary. An exit boundary can be reached
from the interior, but is is not possible to leave it. A process can neither reach nor be
started from a natural boundary. For more detailed information we refer to book [17].

We now characterise the behaviour of our limiting diffusion process X at the boundaries

ro = —1 and r; = 1. We will see how this behaviour is influenced by the parameters a, b
of our model. Let v = ¢ —1 and § = —3. Then
b fo fo “)rdz(1 - 2>6dy’

2. v(x) = ¢ [ Jo(1 = 2)0dz(1 — y?)dy.

Based on the symmetry of the functions u,v at the boundaries, we only look at the
behaviour at the boundary r; = 1. We have several cases for different behaviour of the
parameters a and b.

The case a < b

In this case, —1 < 7,6 < 0. It follows
L[ty
u(l) = -/ / (1= 2)7(1+ 2)7d=(1 — y)° (1 + y)dy
< // (1—2)dz(1 —y)°dy
- - 1— — (1= ’y+1+5d
e [ -y

1 1

Sl =) At
1 1

B CES) <b+1_1> =

In the same way we show v(1) < oo. Hence our boundaries are regular.

The case a=1b

Then v =0 and 6 = —1. From this

u(l) =

[ [ e - pra
/ y(1—y*)~dy
c[(l —y) tdy =

41
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3. Agent-based models and their asymptotic behaviour

Furthermore

I
v(l) = E/o /0(1—22)_1dzdy
1

= —/ arctanh(y)dy

0

In(2) < oc.

Therefore the boundaries are entrance boundaries.

The case a > b

We have v > 0 and § < —1, hence

For v we obtain

v(1)

u(l) =

1 ry
/ (1= 22)d=(1 — ) dy
0

¥ (1 —y*)’dy

—_

= N il

O\O\HO\.,
<
T

yQ)_ldy = 00.

<
—~
—_

I

%/0 /Oyu_z)5<1+z)5dz(1_y)v(1+y)wy
27 !

/0 (1= y)" — (1 — )™ +7dy

—1)<oo.

b(d+1)

27 ( 1
b(o+1) \v+1

Hence our boundaries are entrance boundaries.

Finally there is one special case, the case a = 0. In this case switching from one to the
other group only takes place by communication with members of the other group. Due to
this we expect that the boundaries are exit boundaries in this case. This intuition is right
and we can calculate this in the same way as in the case a = b by interchanging =, d and

U, V.

Conclusion

We have seen in the last subsection that the behaviour on the boundary points only
depends on the ratio of the two parameters a and b of our model. We see that the diffusion
reaches the boundary points in the case that a is smaller than b. This means in our model
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3.4. Characteristics of the limiting process from model 2

that the rate of autonomous switching is smaller than the rate of switching due to the
herding behaviour. That means that we reach extreme situations of the market where all
agents are in the same group only in the case when the herding behaviour dominates the
autonomous switching. Due to the fact that the boundary points are regular in this case,
they are reflecting boundaries, that means that we leave the boundary immediately after
reaching it. For the market this shows that the market reaches extreme situations in the
case of herding dominance but stays in these states only for a very short time.

15

1.0

0.5

0.0

— a=0.8, b=0.2
—— a=0.1,b=0.2
— a=0.2,b=0.2

15
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— al=0.4, a2=0.1, b=0.2

Figure 3.1: Stationary distribution for the limiting distribution of the herding model for
different sets of parameters.

3.4.3 Stationary Distribution

In this subsection we look at the stationary distribution of our limiting diffusion process. It
is well known, for example see [17], chapter 15, page 220, that the density of the stationary
distribution in this case is the solution 7 of the following differential equation

1 d? 5 d
0= §w[2b(1 —a%)m(z)] — %[(al —ag) — (a1 + ag)zm(x)] (3.4)

with
e 7> 0 and
o [! w(x)de=1.

As shown in [17] a solution of this differential equation, using the scale and speed measure
mentioned above, is given by

7(z) = m(x)[C1S(x) + Cy).
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3. Agent-based models and their asymptotic behaviour

The constants C7, Cy are determined to guarantee the conditions

1
7 >0 and / m(z)dr = 1.

1

As shown in [4] and easy to calculate from (3.4), the stationary distribution for our diffusion
process is given by the density

ag 1

(@)= K(1+z)7 Y(1—2)7 (3.5)

reeges
275 (%)

In Figure 3.1 the stationary distribution is shown for three different sets of parameters
with a := a; = as and for three sets of parameters with a; # as. In the case of a1 = ay
we see that we have three different forms of the stationary distribution for different sets
of parameters. We have a unimodal distribution in the case of a > b, and a bimodal

distribution in the case a < b. In the case a = b we get the uniform distribution.

with K =
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Chapter 4

Generalised model as a birth and
death process in a random
environment

One of the problems of the models shown in Chapter 3 is that the coefficients a and b
are constant over time. It would be more realistic if these coefficients would change over
time. In this section we look at a hierarchical network model for the herding mechanism.
In our models in Chapter 3 we started with an underlying fully connected network, see
Figure 4.1, where all agents are connected. In our extension of the model 2 we include a
further cluster of agents that influences all other agents, see Figure 4.2. The term agent is
used here in a very broad sense for any mechanism which influences the behaviour of the
trading agents, like information sources or macroeconomic data.

Figure 4.1: A fully connected net- Figure 4.2: The network of our new
work model
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4. Generalised model as a birth and death process in a random environment

In Section 4.1, we describe the new model mathematically and show in Section 4.2 that
these so called birth and death processes in random environment converge to a switching
diffusion process if the number of agents grows to infinity. To derive this, we will first
take a look at the semigroups and the infinitesimal generators of these processes in Sub-
section 4.2.1. After that we see in Subsection 4.2.2 that the infinitesimal generators of the
birth and death processes in random environment converge to an infinitesimal generator
of a switching diffusion process. An important step is to calculate that the infinitesimal
generator of a switching diffusion process generates a Feller semigroup. We do this in
Subsection 4.2.3. Finally we use all these considerations to obtain in Subsection 4.2.4
that the birth and death processes in random environment converge weakly to a switching
diffusion process.

4.1 Mathematical description of the model with a su-
per agent

In this section we give a mathematical definition of the enlarged herding mechanism.
Starting with model 2 from Section 3.2 we add a new agent to the network. We call
him the super agent. This agent has a finite set of opinions about the future market
behaviour. We model the opinion and the switching of the opinions of the super agent by
a continuous-time Markov jump process on a finite set M = {1,..., M}. The state of this
process at time t represents the opinion of the super agent at this time. A jump of the
process stands for a switching of opinion. The herding mechanism of the other agents is
modelled, in the same way as in model 2 of Section 3.2, by a birth and death process. This
process stands for the number of optimistic agents. The difference to the cited models
is that the birth and death rates are now not only functions of the number of optimistic
agents but also depend on the opinion of the super agent. This is stated formally in the
following way.

4.1.1 Mathematical model

Let (Y;)t>0, describing the super agent, be a homogeneous Markov process on M with
transition probabilities

P(Yis = jlYe =14) = q(i,4)0 +0(0), j #1,
P =ilYy=1) = 1+4q(i,1)0 + 0(0),

with 0 > Q(Zal) == Zj;éi Q<27])
For all N € N the herding of the other agents (Z});>o is a process on {0,..., N} with
transition probabilities

P(z)s =412} =i,Yi=y) = qn (i, J,y)d + 0(d)
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4.2. Diffusion approximation of the birth and death processes in a random environment

with

an(i,i+1y) = (N —i)(ai(y) +b(y)i),
an(iyi—1,y) = ias(y) + b(y)(N — 1)),
QN(i7j7y) = 0 j¢{i7i+1vi_1}'

Then (Z},Y;)i>0 is a birth and death process in random environment Y.

To show the convergence to a switching diffusion process we transform the process ZV.

We will look at the transformed process X}V = 2]Z\;N —1lon
2 2

Ey=9-1,-14—,...,1——,15.

N { 5 +N7 ) Na }

Then (XtN ,Y1)i>0 is a birth and death process in random environment with birth and
death rates

) = - (P ),
pnay) = (1) (QC‘QT(%b(y)(l—m)).

4.2 Diffusion approximation of the birth and death
processes in a random environment

In this section we show that the herding process of our new model converges to a switching
diffusion process. Therefore we use a method similar to the method in 2.3.2.

4.2.1 Semigroup and infinitesimal generator of (XY
In this subsection we calculate the semigroup and the infinitesimal generator of the birth

and death processes.

Before we calculate the semigroup of the process (X*,Y") we show that the processes X~
and Y have no simultaneous jumps.

Proposition 4.1. It holds for x # x¢ and y # yo

P (XN, Y,) = (z,y)|(Xo, Yo) = (z0,%0)) = O(£).

Proof. To prove this proposition we show how the paths of X» and Y are defined. There
is no feedback from the process X to the process Y. Therefore we can define Y as a one-
dimensional Markov jump process on M. Let PY be the associated probability measure
from Y on Dpy[0,00). Let 0 = 09 < 01 < 03 < ... denote the jump times of the process

47



4. Generalised model as a birth and death process in a random environment

Y. For each path of Y the process X N is defined as follows. In zero we start a birth and
death process X° with starting point g, birth rate Ay (-, yo) and death rate pn (-, y0). In
the first jump point o; of Y we start a new birth and death process X' with X} = Xgl

and birth and death rates Ay (-, Y,,), un (-, Ya, ). In the same way we define X?, starting in
o; for all 7 € N. At least we define

XtN = Z Xti—a,- 1[01,01‘71) (t)

1EN
Starting with this characterisation we get for the first jump time 7 of X and for oy <t < o9
P < tf(Ys)s20) = P(11 < 01](Ys)s>0) + Plon < 71 < t|(Ys)s0)-

Now 71 < oy if and only if the first jump of X is smaller than oy. This jump time is
exponentially distributed with parameter Ay (2o, yo) + pn (o, ¥o). Hence on {0y <t < oy}

P(r < 01|(Yy)s0) = 1— e~ (AN (z0,y0)+un (20,50)) o1
< 1- e~ (AN (z0,y0)+un (20,y0))t
< 1—=1+ (An(o,%0) + pn(To, Y0))t = O(2).

Also 0y < 7 <t if and only if the first jump of X0 ig greater than oy and the first jump
71 of X! is smaller than ¢t — ;. Therefore on {0y <t < 09}

P(oy < <t|(Yy)s>0) < P(r <t—o01](Ys)s>0)
| o O (R Yoy iy (X Yo, D t-01)

O(t).

This implies on {0y <t < 09}

P(r1 < t[(Ys)s=0) = O(t).

Hence

P (XY, V) = (z,9)|(X0,Y0)) < P(ri<top<t)
= P(Tl St,O’l St,O'g < t>+P<7'1 < t, 01 St,O’g > t)
< Postom<or [ P(r1 < tl(Y,)50)dP"

{o1<t,00>t}

O(t*) + O(t)PY {01 < t, 00 > t}) = O(1?).

O

Now we can start to calculate the semigroups of the processes (X, Y). For the semigroup
TN, TN(t) : B(Ey x M) — B(Ex x M) generated by (X¥,Y) we show that for any
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4.2. Diffusion approximation of the birth and death processes in a random environment

feB(Ey x M)
TN<t)f($,y) - f(l',y) = kK [f(Xtaift) - f(x,y)|X0 ==
— Owlay)t + oft)) [f

(++5)
+ (un(z,y)t +o(t)) {f (w + %y> - f(x,y)}
+ Y (aly, )t +o(t) [f(x,5) — f(z,y)]

kal’l

+ o(t).
Here the last error term has the form

S~ o019~ f(p)

53,37%[
with I = {(z,9) € Exn x M : & =z or |t —z| = %,5 = y}. These are the jumps of
the birth and death process which are larger than one step and the simultaneous jumps
of both processes. From the definition of a birth and death process it follows that jumps

which are larger than one step appear only with probability o(t). Proposition 4.1 shows
that simultaneous jumps of both processes also appear only with probability o(t).

Hence the infinitesimal generator of (X" Y) is

lim TN(t)f(x7y) B f(l',y>

Anf(z,y) = lim ;
= lim (AN(x,y) + @) {f (x + %y) - f(rv,y)}
+ lim (,uN(x,y) + #)) [f (a: — %y) — f(a:,y)}
o i3 s+ ) o) s
o
~ ey [f <x T %y) - f(x,y)}
b o) |1 (o 3ow) - 1)
+ % a(y. ) [f(z,5) — f(z,y)]
e Qf(w.y) = aly, 9) [f (2,9) = fley)] = Y aly, 9)f(2,9) (4.1)
o 5
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4. Generalised model as a birth and death process in a random environment

we get

Anfle) = M) [+ ) = floo)]

+ () | o= %0) = fa)] + Q1)

4.2.2 Convergence of the infinitesimal generator

In this subsection, we show that the infinitesimal generators from Subsection 4.2.1 converge
to the infinitesimal generator of a switching diffusion process, if the number of agents tends
to infinity. This is done by a Taylor approximation.

Let £ = [—1,1]. Let

B(z,y) = (ai(y) —az2(y)) — (a1(y) + az(y))>
o’(x,y) = 2b(y)(1—2?).

Theorem 4.2. Let f € Cy(Q) = Co([-1,1] x M) and f(-,y) € C*([-1,1]) (defined in
Section 2.8.2) for all y € M. Let

df (z,y)

P f(x,y)
dx 2

+ %UZ(x7y)— + Qf(x7y>

Af(w,y) = B(z,y) .

Then
Anf — Af uniformly.

Proof. For all (z,y) € (Ex \ {—1,1}) x M, we obtain

T 2 x
Avfan) = Awla) | fa+ 5 TR0 2T 4 o)~ fe)]
X 2 X
+ (o) |fla) - R PG+ ZEIED o) - po)]
Qf(x,y)
X 2 T
= 2 owteg) — ) TED 2 ) 4 ) T
£ Ol y) + (e y)o(5g) + QF (1),

Due to the fact that f(-,y) € C? and | M| < oo, the error term o(5) is uniform in (z,y).
Because of finite limits of all derivatives in the points —1,1 and with the notations from
Section 2.3.2, it is easy to check that this approximation holds also for (z,y) € {—1, 1} x M.

Furthermore

)‘N(:E7y) - :uN(xay) = gB(‘Tay)
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4.2. Diffusion approximation of the birth and death processes in a random environment

and ,
N 1
An(z,y) + pn (e, y) = TUQ(% y)+o <W) :

From this it follows

+ o(1) +Qf(z,y)
B 2 N df (z,y) 2 (N? & f(z,y)
_ _NEB<x’y)—dx + 2 (TU (x,y))) S
+ o(1) +Qf(z,y)

Af(z,y) + o(1).

Obviously, this convergence is uniform in (z,y).

[
4.2.3 The semigroup of the limiting infinitesimal generator
In this subsection we show that the infinitesimal generator A with
d 1, d?

generates a Feller semigroup on Cp(€2).

Theorem 4.3. The infinitesimal generator A defined by (4.2) generates a Feller semigroup
(E)tzo on C[)(Q)

Before we prove this result, we recapitulate some known results. The first is the impor-
tant theorem of Hille and Yosida that characterises the infinitesimal generators of Feller
semigroups.

Theorem 4.4 (Hille and Yosida). Let A be a linear operator on Co($2) with domain D.
Then A is closable and its closure A is the infinitesimal generator of a Feller semigroup
on Co(Q2) iff these conditions hold:

1. D is dense in Cy(R2);
2. the range of Ao — A is dense in Cy(Q2) for some \g > 0;
3. 4f fT < f(x) for some f € D and x € 2, then Af(x) <0.

Proof. See [16], Theorem 19.11.
The third condition is known as the positive maximum principle. For the second result
we need two further definitions.

ol



4. Generalised model as a birth and death process in a random environment

Definition 4.5 (dissipative). A linear operator A : D(A) — X,D(A) C X is called
dissipative if
[Au — Aull = Ajull

holds for all A > 0 and u € D(A).

Proposition 4.6. A linear operator A on Cy satisfying the positive mazimum principle
18 dissipative.

Proof. See [16], p.377.
Definition 4.7 (A-bounded). Let (A, D(A)) and (Q,D(Q)) be two linear operators on X
such that D(A) C D(Q) and for some a € [0,1) and § > 0

|Qull < aflAul[ + Bl|u]

holds for all v € D(A). Then the operator @ is called A—bounded.
With these definitions we can cite a useful result from perturbation theory.

Theorem 4.8. Let (A, D(A)) be a linear operator on a Banach space (X, ||| x) such that
D(A) is dense in X. Suppose that A is dissipative and the range of A\— A is dense in X for
some A > 0. If (Q, D(Q)) is an A—bounded dissipative operator on X, then (A+Q,D(A))
18 closable and its closure generates a strongly continuous contraction semigroup.

Proof. See [14], Theorem 4.4.3.

Finally we need a result that shows us the connection between positive semigroups 7'
and the positivity of the resolvent R(\, A) = (A — A)~! of the infinitesimal generator A
generated by T

Theorem 4.9. A strongly continuous semigroup (T})i>0 on a Banach lattice X is positive
if and only if the resolvent R(\, A) of its infinitesimal generator A is positive for all
sufficient large X.

Proof. See [11], Theorem 1.3, Chapter VI.

Now we can prove Theorem 4.3.

Proof of Theorem 4.3. First we write A = A + Q with

Af(x,y) = B(x,y)w + %a%x,y)% and Qf(z,y) as stated above.

Our first step is to show that the operator A generates a Feller semigroup. We do this
with Theorem 4.4 of Hille and Yosida.
Define for all y € M

AY . C®[-1,1] = C*[~1,1] with AYg(z) = B(z,y)g'(z) + %UQ(x,y)g"(I)-

o2



4.2. Diffusion approximation of the birth and death processes in a random environment

First we show that the three conditions from Theorem 4.4 hold for the infinitesimal gen-
erator A with

D={fecCy([-1,1] x M) : f(-,y) € C*[—1,1] for all y € M}.

The first condition clearly holds due to the fact that C°°[—1,1] is dense in Cy[—1,1]. For
the third condition let f* < f(z,y) for some f € D. We know from Subsection 3.3.2 that

AY is the infinitesimal generator of a Feller semigroup. Then it follows from Theorem 4.4
that AYf(-,y)(x) < 0. Hence

For the second condition we show that (A — A)D is dense in Cp([—1,1] x M). Let
f € Co([-1,1] x M) and € > 0. Define f¥(z,9) = f(z,9)1,(y). Due to the fact that
AY is the infinitesimal generator of a Feller semigroup and that C*°[—1,1] is a core for
AY we know from Theorem 4.4 that there exists \¥ > 0 such that (\Y — AY)C*[—1,1] is
dense in Cy([—1,1]). By [16] Theorem 19.4 we additionally know that (A — AY)C>°[—1, 1]
is dense in Cy([—1,1]) for all A > 0. Let A > 0, then there exists f¥ € C*[—1, 1], with

€

1A = A2 = FC 9ot < 57

Furthermore with f¢ € Cy([—1,1] x M) defined by f¥(z,7) := f¢(x)1,(9) it follows
< €
— Yy _ Y < —.
0= A7 - ol < =

Hence

MA=A) D Fr=f1 = 1D A=A = I

yeM yeM yeM
< Y A=A -
yeM
< e

Furthermore > f¥ € D and (A — A)D is dense in Cy([—1,1] x M). Now Theorem 4.4

shows that A generates a Feller semigroup.

Let us take a look at the operator (). We see that () is a bounded operator. Further-
more, with equation (4.1), it is easy to see that @) fulfils the positive maximum princi-
ple and hence, with Proposition 4.6, () is dissipative. So with Theorem 4.8, we get that
A = A+Q is the infinitesimal generator of a strongly continuous contraction semigroup on
Co([—1,1] x M). Now we have to show that A generates a positive semigroup. From Theo-
rem 4.9 we know that this follows if R(\, A) is positive for all A > 0. Let g € Co([—1, 1]x M)
be a positive function and put f = R(\, A)g, so that g = (A — A)f. It is easy to check
that the infinitesimal generator A fulfils the positive maximum principle for D = D(A),
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4. Generalised model as a birth and death process in a random environment

because A and Q fulfil it. If infyei—1,1xam f(x) < 0, we choose some x4 € [—1,1] x M with
f(zo) < min{f,0}. With the positive maximum principle we get Af(x¢) > 0, and so

inf  g(x)= inf A—A)f(r) < A=A f(xg) < Af(xg) =X inf f(z) <0

z€[—1,1]xM ( ) z€[—1,1]xM z€[—1,1]xM

But g is a positive function and so inf,c[—1,1)xa f(2) > 0. Hence f is a positive function
and R(\, A) is positive. O

4.2.4 Convergence to a switching diffusion

In this subsection we show that the semigroups T converge to the semigroup 7" and that
there exists a switching diffusion process X corresponding to A, such that XV weakly
converge to X in Dy_q 1xm[0, 00). For this we use the same methods as in Subsection 2.3.2.
To use Theorem 2.24 from Chapter 2, we need that the set

D={feCy(ExM): f(,y) € C*(E) for all y € M}

is a core for our infinitesimal generator A. Here C*°(F) is the set of all functions
f € C>®((—1,1)) with finite limits of the derivatives in the points {—1,1}.

Proposition 4.10. D is a core for A.

Proof. Let f € D(A). For all y € M define f¥(x) = f(z,y). From Theorem 2.23 we know
that for all y € M we find a sequence (f¥),en € (C®(E))N with f¥ — f¥ uniformly and

AY 1y — AY f¥ uniformly,

with Avg(z) = B(x,y)g'(z) + 50°(x,y)g"(x).
Define f,, € D by f,(z,y) = fY(x). Then f, — f and

sup  [Afu(x,y) — Af(z.y)| < supsup|AYfi(x) — AVfY ()|

(z,y)EEXM yeEM z€FE
+ sup |Q(fn(l‘7y) _f(xay))ﬂ
(z,y)EEXM
— 0.

O

Now we are able to show the convergence of the birth and death process in random
environment (X Y),cy to the switching diffusion process (X,Y).

Theorem 4.11. Let (XYY )new be a sequence of birth and death processes in random
environment on (Ex X M)yen defined by the infinitesimal generators

Anf(z,y) = An(z,y) {f <x+ %y> - f(frf,y)}
+ un(z,y) {f <x - %y> - f(xyy)} +Qf(z,y).
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4.3. Conclusion

Then there ezists a switching diffusion process (X,Y) on [—1,1] x M such that
(XM,Y) = (X,Y) weakly in Di_1,11xm[0, 00).
Proof. Define the infinitesimal generator A on D(A) C Cy([—1,1] x M) by

d 1 d?

Af(x,y) = Bla,y)—f(,y) + 502(%31)@1‘(37,@/) +Qf(z,y)

then Theorem 4.2 implies that
Anf — Af uniformly

forall f € D ={f € Co([-1,1] x M) : f(-,y) € C®([—1,1]) for all y € M}. Then it
follows from Theorem 2.24 with £ = [—1,1] x M,

2 2
EN:{_l,—l—i-N,...,l—N,l} x M, L = Cy(E), Ly = Co(Ey)

and ny = id,mnf = f ony that
TNrnf — Tif for all f € Co([—1,1] x M).

Finally we can use Theorem 2.25 to obtain a switching diffusion process (X,Y’) with
semigroup 71" and infinitesimal generator A such that

(XN,Y) = (X,Y) weakly in D_; 1, m[0, 00).

4.3 Conclusion

In this chapter we introduced a new agent to the herding model from Chapter 3. Through
this agent we overcome the problem of constant switching rates a and b for the agents.
The new model is more flexible and allows the switching rates of the agents to differ in
time. In this chapter we also showed that this generalised model is not N-dependent. We
showed as well that we get a limiting process if the number of agents tends to infinity. In
the next chapter we look at this limiting process.
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Chapter 5

Stationary distribution of the
switching diffusions

In Chapter 4 we saw that the birth and death processes in a random environment of
our herding model with a super agent converge to a switching diffusion process. In this
chapter we look at the stationary distribution of this switching diffusion process. For
this we introduce in Section 5.1 the system of differential equations that determinates the
stationary distribution. In Section 5.2 we find a numerical approximation for the stationary
distribution. Furthermore we investigate the case of fast switching in Section 5.3 when
the super agent switches his opinion very rapidly.

5.1 Stationary Distribution

We now look at the stationary distribution of the switching diffusion (X,Y’) defined in
Chapter 4. In the model with a super agent the limiting process is a switching diffusion
process with infinitesimal generator given by equation (4.2). For ease of exposition we
only look at the case a := a; = as. The general case can be treated in the same way. The
density of the stationary distribution 7 : (—1,1) x M — R is a solution of the following
coupled system of differential equation

0= %%@b@)a —a?)m(x,y)) - di (—2a(y)er(z,y) =3 al.y)n(e.), y € M, (5.1)
=1
with
e 7w >0 and

o 1= Z;J,V; f(%’l)ﬂ(:ﬁ,y)dm

It is much more difficult to find a solution in this case than in the case of the model
without a super agent. Instead of an ordinary differential equation we have to solve a
coupled system of M differential equations which is usually not possible in closed form.
Due to this fact we find approximations for the stationary distribution by simulation.
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5. Stationary distribution of the switching diffusions

5.2 Approximate Solutions for the Stationary Distri-
bution of the Switching Diffusion

To make the problem easier to handle, we assume that the super agent only has two states
M = {1,2}. In this case we have to find the solution of the system of the two differential
equations

0 = dd;z ()1 = 2*)mi(2)) + % (2a(1)zm(2)) — q(1,2)m1(x) + (2, )72 ()
- dd; (b(2)(1 = a*)ma () + % (2a(2)am(x)) — (2, )m2(2) +¢(1,2)m1(2)
with
e 7 >0 and

o 1= [ ym(z)+m(zx)de.

For easier notation we write the function = : (—1,1) x {1,2} — R as two functions
1, (—1,1) = R, with m;(x) = m(z, ).
The model depends on six parameters a(1),a(2),b(1),b(2),q(1,2),q(2,1). For the numer-
ical examples in this section we look at two different sets of parameters. At first we
take

a(1) = 0.8,a(2) = 0.1,b(1) = b(2) = 0.2,¢(1,2) = ¢(2,1) = 0.1,

and the second set of parameters is
a(l) =0.2,a(2) =0.1,b(1) = 0.1,b(2) = 0.7,¢(1,2) = ¢(2,1) = 0.1.

Below we use different methods to get an approximation for the stationary distribution
for these two sets of parameters.

5.2.1 Approximation by simulation of the process

In this subsection we follow the idea of article [21]. There Mao et al. show that we get
a good approximation by using an Euler-Maruyama scheme with variable step sizes. A
short introduction of this method is given in the next paragraph. For more information
on the simulation method and the convergence to the stationary distribution see [21].

Euler-Maruyama method for simulating switching diffusions

Let A = (Ag)k>1 be a nonrandom sequence of positive numbers such that

lim A, =0 and ZAk = 00.
k=1

k—o0
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5.2. Approximate Solutions for the Stationary Distribution of the Switching Diffusion

In general Ay # A, for k # [, and we call A the variable step sizes. Set tg = 0 and define
t = S0 A for k > 1, then (t;)>1 defines a nonrandom partition of (0, 00). We want to
approximate our process (X,Y’) on these time points. First we simulate the approximated
switching process Y = (?}k)kzo-

Let Yo =y € M = {1,..., M} and simulate a random number & which is uniformly
distributed in [0, 1]. Then compute the one-step transition probability matrix

Pox = (poa(l,7))ijem = eMe.

Define
v, — { o ifzm €M \ {M} such that 377" poa(y.l) < & < X1 poa(y, 1),
' M if Y7 poa(y,l) < &
The next step is to compute the one-step transition matrix

Py = (pr2(l, )i jem = eh2@

and simulate a new random & which is again uniformly distributed in [0, 1], and then
define

v :{ 2 i 2 € MA{M] such that 332 pro(Ye 1) < & < X2 pra(Yi, D),
2 M lf leflpl,Q(Yk1v l) S 52'

Repeating this procedure, a trajectory of f/tk, k=0,1,2,... can be generated.
In the next step we have to simulate an approximation X = (X, )x>o of the diffusion part
X of the switching diffusion. For this set Xy =z € [0, 1] and compute

th+1 = th + B(tha ﬁk)Ak‘-i-l + \/ O—Z(th7 ﬁk)Nk’-i—l

= Xy~ 2a(Vi) X Arsr +4/26(Y) (1 — X2) N,

where Nj.; is a normal distributed}apdom variable with mean 0 and variance Agy;.
Together we get an approximation (X, Y') for the switching diffusion (X,Y).

Approximation of the stationary distribution

We use this method to approximate the density of the stationary distribution for our two
sets of parameters. This gives us a first approximation for the density of the stationary
distribution of the switching diffusion process. The results of this approximation are shown
in Figure 5.1 for the first set of parameters and in Figure 5.2 for the second set.

If we compare the two parts m; and m, of the stationary distribution, as stated above,
from parameter set 1 with the corresponding stationary distributions of the systems
without switching in Figure 3.1, we see that there are only small differences between
these stationary distributions. The explanation for this is that the switching parameters
q(1,2) = q(2,1) = 0.1 are small. Due to this the process Y switches rarely between the
two states. And in every state the agent process has sufficient time to reach the stationary
distribution for this set of switching parameter a, b.
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5. Stationary distribution of the switching diffusions

1.0
|
0
|

Figure 5.1: Simulated approximation of the two components 7 (red) and my(blue) of the
stationary distribution for our first set of parameters.

5.2.2 Power series approach

In this subsection we approximate the stationary distribution of the switching diffusion
by a power series approach. Doing this we get more information about the stationary
distribution and a good approximation. For this we assume that the two functions 7; and
7o are of the form

o0

m(x) = Zskxk

k=0

mo(x) = Zthk.

k=0

A simple calculation shows that if f : (=1,1) x M — R is a solution of the system of
differential equations (5.1), then f:(—1,1) x M — R with

f(I,Z) = f(—I,Z)

is also a solution of (5.1). From the uniqueness of the stationary distribution it follows
that f = f, so the density of the stationary distribution is symmetric in zero. From this
we obtain that m; and 7y are of the form

oo
m(z) = Zskx%
k=0

mo(z) = Zth%.
k=0
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5.2. Approximate Solutions for the Stationary Distribution of the Switching Diffusion

1.0

0.5

0.0

Figure 5.2: Simulated approximation of the two components 7 (red) and my(blue) of the
stationary distribution for our second set of parameters.

The functions m; and 7y are assumed to solve the system (5.1). From this, we get for m

d* 2 S 2k d < 2k+1
0 = b1)-— [(1 — %)) s |+ 2a(1) > s
k=0 k=0
Z Skx% + q Z tk:c
= b(1) Y (2k +2)(2k + 1)spaa™ — b(1) > (2K +2)(2k + 1) s,
k=0 k=0
+2a, Z(Zk + 1)skx q(1,2) Z sk 4+ q(2,1) Zth
k=0

By the same calculations we get an equivalent equation for m,. Equating the coefficients,
we get the following recursive equations for the coefficients of 7 and 7y

_ 2a(1)(2k + 1) + q12 ¢(2,1)
T (1 T B()(2k +2)(2k T 1)) D@k @k D (5.2)

)
2a(2)(2k + 1) + g2 q(1,2)
Tht1 1- bk — Sk
(2)(2k +2)(2k + 1) b(2)(2k +2)(2k + 1)
The remaining problem is to find s = m(0) and ¢ty = m(0) in such a way that m

and my fulfil the additional conditions in (5.1). Due to the fact that it is not possible
to calculate sg,ty analytically, we approximate them numerically. Nevertheless, if we get
approximations for sy and ty, then we can use equations (5.2) to compute an approximation
for the stationary distribution. The solution of this approximation is shown in Figure 5.3
for the two sets of parameters.
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5. Stationary distribution of the switching diffusions

T T T T T
10 05 00 05 10

Parameter set 1 Parameter set 2

Figure 5.3: Simulated power series approximation of the two components m; (red) and
(blue) of the stationary distribution for our two sets of parameters.

We see directly from the equations in (5.2) that the main problem is to find the quotient
% 50 that mp, m > 0 and f Ly Mz )+7T2( )d:}: < 00. Then the integral condition in (5.1)

is fulﬁlled by dividing sy and ¢y by f () + mo(z)dx.

For our two sets of parameters we see that 1f q(1,2) and ¢(2, 1) are small, the two parts m
and 7y from the stationary distribution m of the switching diffusion are nearly of the same
form as the stationary distribution of the diffusions with parameter a(i) and b(i),7 € {1,2}.
We can see this if we compare Figure 3.1 with Figure 5.1 or 5.3. We see this also in
Figure 5.4 and 5.5, where the stationary distributions of the models of Chapter 3 are
given in black. This is clear because if ¢(1,2) and ¢(2, 1) are small, then this means that
the super agent stays for a long time in each state. And so the agents have a long time
at the same set of parameters. And the market has time to almost reach the stationary
state for this parameter before the super agent switches again.

But what will happen if the super agent switches his opinion faster? We give an answer
on this question in the next section.

5.3 Stationary Distribution at Fast Switching

In this section we look at what happens if the super agent switches his opinion very fast.
The switching of the super agent is given by the transition rates ¢(1,2),¢(2,1). We can
use them to obtain the intensity matrix

— _Q(172) q(la 2)
©= ( q(2,1) —q(2,1) ) ‘

Now we speed up this switching by multiplying ) with % for £ € (0,1). Mathematically
we look at the set of processes (X¢,Y?), depending on € > 0 with infinitesimal generators

df (x,2) 1 d*f(x, 2)
i + 502(3:,2) e
62
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5.3. Stationary Distribution at Fast Switching

Now we are interested in what happens with the stationary distribution of the switching
diffusion if the parameter € tends to zero. First we look at our two sets of parameters
from Section 5.2. For this we use the power series method from Subsection 5.2.2. The
results of these approximations are shown in Figure 5.4 for the first set of parameters and
in Figure 5.5 for the second set.

1.0

0.8
1

0.6

0.4
1

0.2

-1.0 -0.5 0.0 05 1.0 -1.0 -0.5 0.0 0.5 1.0

Figure 5.4: Results of the approximation for 7] (left) and 75 (right) using the first sets of
parameters for different values of e.

5.3.1 Convergence of the stationary distribution for ¢ — 0.

In Figure 5.4 and 5.5 we see that for ¢ — 0, the two parts of the stationary distribution
tend to the same function. There the limiting function is plotted in red. Now we look
again at the system of differential equations (5.1) to see mathematically why this happens,
and what the limiting function looks like. The following argument is a heuristic one that
shows what the limit of the stationary distribution looks like. In the next chapter we prove
that these heuristics are right. There we show that the diffusion processes converge at fast
switching. Due to this we show also the convergence of the stationary distributions.

The stationary distribution of the process (X¢,Y?) is given as a solution of the following
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1.0
1.0
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Figure 5.5: Results of the approximation for 7§ (left) and 7§ (right) using the second sets
of parameters for different values of ¢.

system of differential equations

2

0 = ()1~ #)r() + - Qa(Uen (@) + - (a2, Vnse) — a1, i ()
2

0 = ()~ )mE) + - Qa@)eni(e) - T (a2 Dr5() — g1, i)

d=(x)

with the conditions given in (5.1). If € tends to zero, then d°(z) has to converge to zero as
well. Otherwise, the last term in the equations grows to infinity in the equation for 7§, and
falls to minus infinity in the equation for 75. That means that ¢(1,2)75(z) — ¢(2, 1)75(x)
converges to zero for ¢ — 0. Assuming that all the limits exist we may define

1. m(x) =lim. 0 q(1,2)75(x) = lim. 0 q(2, 1)75(x) and
2. d(z) = lime_,o 2d°(x).

Then 7 fulfils the following two equations

0 = (1,2) d? (1 =2®)7(2)) + J12)dr (z7(x)) + d(z) (5.4)
_ b2 & ) 2a(2) d



5.4. Conclusion

Summing equation (5.4) and (5.5), we get
[ b(1) b2) \ & . N 2a(1) | 2a(2)\ d el
o= (G * g (0= + (g + 63 e omta)

If we compare this with the differential equation for the stationary distribution of the
model without switching (3.4), we see that it has the same form as the stationary dis-

tribution 7 of the model without super agent with parameters a = ( all) 4 () ) and

q(1,2) © q(21)
7 ) b(2)
b= (i + e )
This means that our two components 7§, 75 converge, for € — 0, to a stationary distribu-

tion of a model without super agent. The two parameters of this model are a combination
of the four parameters of the model with a super agent. We obtain

3 g —_ Q(271) et
[ hmg_m U (ZE) = m’ﬂ'(.r) and
: £ _ q(1,2) pad
o limeo m5(2) = Frare@n (@)
o | o |
- -
o | @
o o
© _ © _
o o
< <
o o
N N
o o
o | e
o o
T T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Parameter set 1 Parameter set 2

Figure 5.6: Approximation of the distribution 7 for the two parameter sets.

5.4 Conclusion

In this chapter we looked at the stationary distribution of the switching diffusion process
(X,Y), but for our financial market only the behaviour of the optimistic agents is of
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5. Stationary distribution of the switching diffusions

importance. So we are interested in the stationary behaviour of the first component X of
our switching diffusion (X,Y"). Due to this we set 7 : [—1,1] — R with

7(z) = m(x) + m(x) = n(x, 1) + 7(x,2).

The approximations of 7 for the two sets of parameters are shown in Figure 5.6. We see
there that the new model with a super agent leads to a more general stationary behaviour
of the herding process than the model without a super agent.
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Chapter 6

Convergence of fast switching
processes

In this chapter we look at our model in the case of fast switching. This means that the
super agent switches his opinion very fast. In Section 6.2 we look at the limiting switching
diffusion process of our model. Then, in Section 6.3, we look at the fast switching birth
and death processes with a fixed number of agents.

6.1 Fast switching of the super agent

As defined in Section 4.1, the process of the super agent (Y;):>¢ is a homogeneous Markov
jump process on the finite set M = {1,..., M} with transition probabilities

P(Yus = jlYi=1i) = qli,)s +0(8), j #1,
P(Yus=ilYi=i) = 1+q(i,i)s+o(0),

with 0 > ¢(i,1) = —3>2;,,9(i,j). We now assume that the process Y has an unique
stationary distribution 7 : M — [0, 1], this exists e.g., if ¢(¢,7) > 0 for all i # j.

Starting from this, for all ¢ > 0, the fast switching super agent process (Y;)i>o is a
homogeneous Markov jump process on the finite set M = {1,..., M} with transition
probabilities

e 1 o
P( ti(5:]|}/75 :Z) = EQ(27])5+0(5)7 ]7&2,
1
P(Vs = ilYE =) = L+ 240,03 +o(6).

If we look at the probabilistic representation from Subsection 2.2.1, the processes are

characterised by the transition functions p;; = Lj)) of the embedded processes, and by

—q(i,i
the holding times. They are exponentially distributed with parameter —q(i,1%).
For the fast switching super agent process Y© we see that
b — (i g) _ alig) _ .
Y _%Q(ivi) _q(i7i) v
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6. Convergence of fast switching processes

meaning the probability that the process Y© switches from ¢ to j is the same as for the
process Y. If o(i),0%(i) are the holding times of the processes Y,Y* in the point 4, it
follows

y Nt t
P(O’E(’i) < t) -1 e%Q(m)t — 1l — p (a(z) < —> .
9

This shows that the process Y¢ is a time transformation of the process Y, in the sense of

(V)0 £ (Ye)izo.

Due to this fact we can define Y;® := Y:. From this it follows that 7 is also the unique
stationary distribution of Y©.

6.2 Convergence of fast switching diffusion processes

In this section we give an accurate mathematical verification of the empirical result from
Subsection 5.3.1. For this we show that the agent component X¢ of the fast switching
diffusion (X¢,Y*) defined by the generator in Equation (5.3) converges to an ordinary
diffusion process. This convergence is shown for a general class of fast switching diffusion
processes in [22]. Our purpose now is to adapt the notations and prove the necessary
conditions for this convergence.

6.2.1 Fast switching diffusion process

To define the fast switching diffusion process (X, Y*) we start with our fast switching
super agent process Y ¢ defined in Section 6.1. Using

B(z,y) = — [(a1(y) + az2(y))z + az2(y) — a1 (y)],

o?(z,y) = 2b(y)(1 — 2%) and Q. = é@,

we obtain a fast switching diffusion process (X¢,Y?) as in 4.2.3, 4.2.4 with infinitesimal
generator given by Equation (5.3).

6.2.2 Notations and conditions from [22]

First we need some notations from [22] to define the necessary conditions for the conver-
gence of the fast switching diffusion process.
Let o be the first jump time of the super agent process Y. Then we define
c:[-1,1] x M — R by

P(o > t|F) = eo o(Xs,Yo)ds

where F; is the o—algebra generated by (X, Yp) for s < ¢. In [22] this notation is needed as
there may be influences from the process X to Y. In our case, ¢ is constant on [—1, 1] x {y}
for all elements y € M. Hence we can interpret ¢ as a function on M that is given by

Plo > t|Yy =y) = W for all y € M.
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6.2. Convergence of fast switching diffusion processes

From the probabilistic representation in Subsection 2.2.1 and the definition of Y in Sec-
tion 6.1, it follows that

cy) =—aq(y.y) =>_aly. 7). (6.1)
I7y
Furthermore in [22], for all x € [—1, 1] the operator II, : B(M) — B(M) are defined by

Lg(y) = —c(z,y)9(y) + c(,y) /g(Z)Q(:r,%dZ),

where Q(x, y,dy) = P(Y, € dy| X, = X, = z,Y,_ = y). Here an integral term is needed
because the number of elements in M may be infinite. In our model II, depends not on
x and is given by

4,y
g(y) = —c(y)g(y) + c(y) Zg(y)g-
= —aly,y)
From Equation (6.1) we get
ILg(y) = > q(y, 9)g(5) — q(y)] for all = € [-1,1].
U7y
With these notations we can define the necessary conditions for the convergence of the

fast switching diffusion process.

Definition 6.1. In [22] the following conditions are used:
1. ¢(x,y) > 0.
2. II, is continuous in x.

3. The functions B(z,y) and o?(x,y) are jointly measurable functions of their variables,
they are continuous in z uniformly with respect to y and

B 2
ap B @)l

ze[—1,1] 1+ |:L‘|

4. There exists a unique homogeneous Markov process to the infinitesimal generator

df (z,y) N d*f(x,y)

Af(m,y)zB(x,y) dr %02<x7y)W+Qf(xay)

5. There exists a constant k such that for all z € [—1,1] and y € M

|B(z,y)| +[0*(z, )| < k(1 + |z]).

6. There exists an increasing upwards convex function ¥ on [0,00) such that
U(0) =0,¥(lz) <1V(x) for [ > 1, and for all z,xs € [—1,1]

MTa, = Iy, || < ¥ (l2y — 2of).
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6. Convergence of fast switching processes

7. The family of Markov processes in M with generating operators II, is uniformly
ergodic; if 7, is an ergodic distribution for the process with generating operator
1, and P*(t,y,dz) is the transition probability for this process, then there exists a
constant ¢ > 0 such that for all 7" € [0, co) holds

‘%/OT/f(z)Px(t,y,dz) dt/f(z)vrx(dz)

6.2.3 Convergence of the fast switching diffusion

C
< = .
< ZIIf)

In this subsection we introduce the convergence theorem from [22] and show the conver-
gence of the agent components X¢ from the fast switching diffusion processes (X¢,Y?) to
an ordinary diffusion process.

Theorem 6.2. Assume conditions 1 — 7 from Definition 6.1 hold. Then the processes
X°¢, where (X*°,Y?) are as defined in Subsection 6.2.1 with initial conditions X5 = ¢ and
Y5 = yo, weakly converge in Di_q1[0,00) to a diffusion process X with drift coefficient
B(z) = [ B(x,y)n*(dy) and diffusion coefficient 6*(x) = [o>(x,y)n*(dy) and initial
condition Xo = xg.

Proof. See [22], Theorem 8, Chapter II.
In our case Theorem 6.2 says that the agent components X of the fast switching diffusion
processes (X°,Y®) converge to a diffusion process X on [—1,1] with drift and diffusion

coefficient
B(z) =Y B(x,y)n(y) and 6*(z) = Y _ o*(z,y)7(y).
yeM yeM

Now, our task is to prove the seven conditions from Definition 6.1.

Condition 1 follows directly from the definition in Section 6.1. Due to the fact that II,
is constant over all x € [—1, 1] conditions 2 and 6 hold. Conditions 3 and 5 hold because
B(z,y) and o?(z,y) are by definition continuous in x and bounded. We have shown in
Chapter 4 that the infinitesimal generator

d 1 £
f(CZﬁ i 50" (@, y)—];(;’ i Qf(z,y)

Af(x,y) = B(z,y)

generates a Feller semigroup, this proves condition 4. Condition 7 follows again from the
definition in Section 6.1 and the fact that process Y is not effected by process X.

6.2.4 Conclusion

By proving all conditions we get by Theorem 6.2 that the agent components from the
fast switching diffusion processes weakly converge in Dj_1 ][0, 00) to an ordinary diffusion
process. Due to the fact that this also implies that the stationary distributions converge
to the stationary distribution of the limiting diffusion process, this proves the empirical
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6.3. Convergence of fast switching birth and death processes

results from Subsection 5.3.
After showing the convergence at fast switching for the limiting models in this section, we
will take a look at the pre-limiting model in the next section.

6.3 Convergence of fast switching birth and death
processes

In Section 6.2 we saw that the switching diffusions converge to a limiting diffusion of a
model without switching if the super agent switches his opinion very fast. In this section
we look at the behaviour in the pre-limiting case. We look at the model from Section 4.1
with a finite number N € N of agents. We show that this model converges to a model
without switching, introduced in Section 3.2, in the limit of fast switching. To show this
convergence we use a result for convergence of semimartingales introduced in [15]. But
first we take a look at the model under fast switching.

6.3.1 Fast switching birth and death process

To define the fast switching birth and death process we take, for all £ > 0, the fast switching
super agent process Y ¢ from Section 6.1 and define the corresponding fast switching agent
process X¢, as in Section 4.1, on Ey := {—1, -1+ %, T %, 1} by

P(X[ s =z|X] =2,Y =vy) =q(z,z,y)0 + 0o(9) (6.2)

with

2
Q(I7x+ﬁ7y) - A(‘/L'7y)7

2

) = wa)

_ _ 2 2
q(z,z,y) = 0 x%{az,x—kﬁ,z—ﬁ}.

Then (X*¢,Y*®) is the fast switching birth and death process. In our model from Section 4.1
the birth and death rates are given by \(x,y) = NTQ(l — ) (2[”7(?") +b(y)(1 —i—x)) and

pla.y) = 2 (14 o) (252 4 bly)(1 - ).
In the following we will show that the processes X¢ weakly converge in Dg[0, o) for € — 0
to a birth and death process X on Ey with birth and death rates

AMa) =Y N y)m(y)l,

yeM

pla) = [z, y)w(y)).

yeM
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6. Convergence of fast switching processes

The problem is that the processes X® are no longer Markov processes, so we cannot use
the convergence methods for Markov processes. But the processes X¢ are semimartin-
gales, and due to this we are able to use the methods for semimartingales from [15].
To use these methods we first calculate the semimartingale characteristics, introduced in
Definition 2.12, of the processes X¢ and of the limiting process X.

6.3.2 Semimartingale characteristics of the fast switching agent
process

First we fix a continuous truncation function h. To simplify the calculations we take the
function

T forxﬁ%,
h(z)={ 2 -z for + <z<2,
0 forx>%.

First we calculate the semimartingale characteristics of X¢ with respect to the truncation
function h. As in Definition 2.11 we calculate

Xe(h)y = Y [AX:—h(AXD)] =) AXE,

s<t s<t

X°(h) = X°=X°(h)=X"=) AX:.

s<t

Then is X¢(h); = X§ for all £ > 0. From this and due to the fact that X* is a pure jump
process it follows that B°(h); = 0 and C{ = 0 for all £ > 0.

Before we calculate the compensator v¢ of the random measure 4~ we use Theorem 2.14
to calculate the compensator ©° of the random measure ;*™Y). From Theorem 2.14 we

get that ¢ (du, dt)(w) = K¢((XE,YE)(w), du)dt with

R((,),0) = A ) o0y + #0200y + D0 20009 umt0-01-

ysﬁy

Define v¢(dz, dt) = K§(dz)dt with

c 2 € € €
Kt (N) - /\(Xt ) Yt ) = Z [/\(Xt ) y)l{Yf:y}]’
yeM

" 2 € € €
K; <_N) = wX;Y)) = Z [1(XE, ) Ly =y,
yeM

Ki(x) = Ofora ¢ {_%%}

From the definition of the compensator in Theorem 2.10, it is sufficient to show that
EW % uX") = E(W % 15)
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6.3. Convergence of fast switching birth and death processes

for all nonnegative predictable processes W : 2 x R>o x R — R.
Let W : Q x Rsp x R — R be a nonnegative predictable process. Then define
W:QxRso xR?— R by

~ WW,S,J] if :O’
W(w,s,(w,y))Z{ (0 )ifggj%().

From the definition of W and due to the fact that there are no simultaneous jumps of the
processes X¢ and Y¢, it follows that

EW + pX57) = B(W # p7) and BE(W * i) = E(W  p,).

Xe,ye

From the fact that 7° is the compensator of s ) and that W is a nonnegative pre-

dictable process, it follows that
EW *p3™)) = BOW + 5.
Hence
EW * Xy = BE(W x12).
For the limiting birth and death process X we get the characteristics in the same way.
They are given by
B(h) = 0,
c = 0,
v(de,dt) = K(dz)dt with
2
K(3) = A= SR

yeM

K, (—%) = w(X) = 3 (X (o))

yeM
2 2
Ki(z) = Oforq:gé{—ﬁ,ﬁ}.

We have calculated the semimartingale characteristics for the agent process under fast
switching and for the limiting birth and death process. In the next subsection we look
at the necessary methods and definitions that we need for the convergence of the agent
process under fast switching to a birth and death process.

6.3.3 Convergence of semimartingales and a continuous-time er-
godic theorem

Before we look at the main theorem for the convergence of semimartingales from [15] we
start with some necessary definitions.
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6. Convergence of fast switching processes

Definition 6.3. Let ¢ : R — R a deterministic function and v be a predictable random
measure on R>y X R. Then we define g x v : 2 X R>¢ by

(g% v)( / / )(ds, dx),
[0,¢]

see Definition 2.8 for the corresponding definition for stochastic processes instead of de-
terministic functions. In the case that v(dt, dxr) = K(dx)dt we get

g*Vt / /
0,t]

Definition 6.4 (strong majorization hypothesis). Let V(B(h)) be the variation process
of B(h). There is a continuous and deterministic function F' : R>y — R which strongly
majorizes the functions V(B(h))(w) and C(w) + min{z?, 1} * v(w) for all w € Q. Strongly
majorizes means that the difference is an increasing function.

The second definition gives us a condition on the big jumps.

Definition 6.5 (condition on the big jumps). For all ¢ > 0 we have:
lim sup v([0,¢] x {z : |z| > n})(w) = 0.

nToo ,eQ
Definition 6.6. For a semimartingale triplet (B(h),C,v) define
C(h)=C+h>xv—Y AB(h)’
s<-

We set C2(R) equal to the set of all continuous bounded functions f : R — R which are zero
around zero. From this we define C;(R) as a subset of C2(R) with some special properties.
These properties are not important for our results and can be found in [15]. With these
definitions we are able to formulate the theorem for semimartingale convergence.

Theorem 6.7. Let X" : Q" — Dg[0,00) be a sequence of semimartingales with charac-
teristics (B™(h),C™,v™) and initial distributions n™. € is the canonical space Dg[0, c0)
with the canonical process X and it is equipped with the triplet (B(h),C,v). Let n be a
probability measure on R. Let ¢™ : Q" — Q be measurable functions. Let D be a dense
subset in R>q, and assume:

1. The strong majoration hypothesis 6.4.
2. The condition 6.5 on big jumps.
3. Uniqueness: the martingale problem s(o(Xo), X|n; B, C,v) has a unique solution P.
4. Continuity condition: For allt € D, g € C1(R), the functions
By(h), Cy(h), g * vy : @ = Dgl0,00) — R

are Skorokhod-continuous.
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6.3. Convergence of fast switching birth and death processes

5. n™ — n in distribution.
6. (a) P*(supycp|B™(h); — Bi(h) o ¢"| > &) = 0 for n — oo and for all §, R > 0.
(b) P*(|C1(h) — Cy(h) 0 ¢"| > &) = 0 for n — oo and for all £, > 0.
(¢) P*(lg vy — (g% 1) 0 @™ > &) — 0 for n — oo and for all £, > 0 and all
g € Ci(R).
Then the law of L(X™) weakly converges to P in Dg|0,00).

Proof. See [15], Theorem 3.21, Chapter IX.
For our special case of a fast switching birth and death process Theorem 6.7 can be reduced

to the following theorem.

Theorem 6.8. Let (X¢).~0, X be as defined in Subsection 6.3.1 with X§ 2z Xy for all
e > 0. And let ¢ : Di_117xm[0,00) = Di_11j[0, 00) with p(w' x w?) = w'. Assume that
the following conditions hold:

1. The strong majoration hypothesis 6.4.
2. Continuity condition: For allt € D, g € C1(R), the function
gx v Q= Dj_y1[0,00) = R
s Skorokhod-continuous.
3. P(lgxvi —(g*x1)0od| > &) — 0 forn — oo and for all §,t > 0 and all g € C;(R).
Then X*¢ converges weakly to X in Dj_111[0, 00).

Proof. We show that under these three conditions the six conditions from Theorem 6.7
are fulfilled. The second condition of Theorem 6.7 holds because the limiting process X
has no big jumps. Due to the fact that B(h) = C' = 0, see 6.3.2 and that

C(h)=C+h* v =Y AB(h)?>=0

s<-

the fourth and the sixth condition of Theorem 6.7 reduce to the second and third condition
of Theorem 6.8. By definition of the birth and death process X from Subsection 6.3.1 the
process X is the unique process corresponding to triple (B(h), C, v). Hence its distribution
P on Dg[0,00) is the unique solution of the martingale problem s(o(Xy), X|n; B,C,v).
This proves condition 3. At last condition five of Theorem 6.7 follows from the fact that

Xg L X, for all £ > 0. 0

We will use this theorem in the next subsection to show the convergence of the fast
switching agent processes. For proving the sixth condition of Theorem 6.7 we need the
following law of large numbers.
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6. Convergence of fast switching processes

Theorem 6.9 (law of large numbers for stationary Markov processes). Let Y : 2 — S be
a stationary Markov process on a finite set S with unique stationary distribution w. Then

t

1
Jim & [ Lyyds = 7(0) s

Proof. See [7], Chapter II, Section 4c.
Now we made all necessary preparations to prove the convergence of the fast switching
agent processes X°.

6.3.4 Convergence of the fast switching agent processes

For all € > 0 set ° = Dj_1 1[0, 00) X D4[0, 00) with the probability measure P* given by
the process (X;,Y )0 = (X7,Yt)i>0, defined in Subsection 6.3.1. Then
X®:Q° — Dj_111[0,00) is given by

X&(wh, w?) = w} for all (W, w?) € O°.

Let £(X¢) be the distribution of X¢ on Dg[0,00). Set 2 = Dg|[0, 00) with the probability
measure P introduced by the limiting birth and death process defined in Subsection 6.3.1.
Then X (w); = w; for all w € Q. Set ¢ : Q° — Q with ¢((w!,w?)) = w'.

At first we verify the third condition of Theorem 6.8.

Proposition 6.10. [t holds that
P(lgxv; —(g*v) 0 ¢ > &) = 0ife = o0
for all £t >0 and all g € C1(R).

Proof. Let t > 0 and g € C1(R). Set a := g(%) and j := g(—_%).
Let X denote the canonical process on Dj_ 1[0, 00) and let P be the probability measure
on Dj_q 1[0, 00) induced by a birth and death process on Ey with birth and death rates

Ax) =Y Ma,y) and fi(z) = > plx,y).

yeM yeEM

Let 0 =75 <71 <75 <... denote the jump times of X* and 7 the first jump time of X.
Further nj and 7, are the numbers of jumps of X© and X up to time ¢. Due to the fact
that the birth and death rates of X are bigger than those of X¢, it is clear that

Pe(15 < s) < P(7 < s) for all s > 0 and P(nf <n) > P(n; <n) for all n € N.
Let £,8 > 0. Let to > 0 with P(7; <t5) < ¢ and i € N with P(7i, > 71) <

Due to Theorem 6.9

ST

s

1
lim = [ lgy,—yydr = n(y) a.s. for ally € M.
0

s—00 §
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6.3. Convergence of fast switching birth and death processes

Hence there exists an g > 0 with

T

[ tends - 7(w)
0

IA
N>,

>g)

for all ¢ < g9 and £ = m, where C' = max(, e pyxm (a2, y) + Bu(z,y)).
Let € < gg and
> 5} .

For a simpler notation define 77 = min{77,¢}. Then 77 (w) = 77 (w) for all i < n°(w) and
Let w = (w',w?) € ASN {75 > to} N {nf < i}, then follows with Definition 6.3

€
P? | sup max
T>to yeEM | T

r

A, = {(w17w2) e0: sSup max ;/g 1{ys(w2):y}d5 —7(y)
0

T>ty YEM

g+ 7)) — (g % 4) 0 6(c)
- / g(%)z A 1{ye<w2>=y}]+g(—%)Z[M(Xi(wl),y)lmaw):y}]ds
0 yeEM yeM

|
o\,;

Ne)
7N

S
~—
<
M
gM
§
+
&
/T
S
~—
=
s
€
S
jall
s
=
@

[(aX(w,,y) + Bu(wl, y)) Liyew2)=y]ds

s~

<

[(aX(ws, y) + Bu(wl,y))m(y)]ds

|
S~

(aX(wy, y) + Bu(wl, v) [Lve )=y — (y)]ds

1 £

Il
S~

= / L (@AW y) 4 Bl )L yeey—y — T(y)lds

yeM i=1  JTaw@h)

ng(wh)+1 7E(wh)
— (a)\(w 7 (wl), ) + B,u(w e (wl) y)) / [1{YSE(W2):Z/} — W(y)]dS
yeM  i=1 N ~~ - J 75y (wh)
C(w;’f,l(wl)’y)
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6. Convergence of fast switching processes

Hence

ng (wh)+1
> > Clor @y
yeM =1

%fil(wl)
/ [Lve(2)=y) — W(y)]d8>
0

ng(wh)+1
> . Clwi @y
yeM  i=1
7 wh)
5 €
7o) 2
ot zg—l(wl) 0

Q)

[Livewe)=yy — (y)lds

Ly (w2)=yy — 7(y)]du

n§ (wh)+1 7 wh
— IS5 €
= S EACY =& ()1 Ly @2)=ypldu — 7 (y)
yeM =1 Ti (w )
A LC)
~c 1 € €
A Loy (w2y=n |[du —
+ Tz—1<w) %zs—l(wl) o [ {Yu(w?) y}] U ﬂ—(y)
nﬁ(wl)Jrl
< >, ), O
yeM =1
n+1
< D ) Cue
yeM i=1
= 2MC(n+ 1)t =¢.

P(lgxvi —(gxv)ogl >&) = 1—=P(lg*xvy; —(gxv)od| <E)
< 1= P(ASN {7 >t} N{n; < n})
= P(A.U{rf <to}U{n; >n})
< PA(AL) + PE(rf < to) + P*(n > )

5 - _
< 5 + P(7 < to) + P(ny > n)
L 0.0 0
- 2 4 4 7
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6.3. Convergence of fast switching birth and death processes

For the proof of the second condition of Theorem 6.8 we need a further proposition.

Proposition 6.11. Let

J(w) ={t € Rsp: w(t) #wi_ = Pr&wtn}
for all w € Dg[0,00) and fs : Dgl0,00) — R with fs(w) = ws. Then fs is Skorokhod-
continuous in all w € Dg[0, 00) with s ¢ J(w).

Proof. See [15], Proposition 2.1, Chapter VI.
Now we can prove the second condition.

Proposition 6.12. Let t € R>y and g € C1(R). Then the function
g* v D2y [0,00) = R
1s Skorokhod-continuous.

Proof. Let w € Dy_11j[0,00) and (w")nen € (Dy-1,1][0,00))N with w™ converging to w with
respect to the Skorokhod metric. Then

lim (g * v;)(w")

- g; (%) (;Au(wz,y)w(y))w(%) (%;A(ws,y)w(y)) ds
— (-3 ) m /[ o (ZM MRS (222 4 s -0 w<y>> s

o) (ZM - (252 v aaen) w<y>) is.
- (%) [ (ZM Sty (222 4 o)1 - i o) ) w<y>) is

co(s) L (Z A= tim ) (242 )0+ Jim ) ) w<y>) s

yeM

= (g )W)

Here the permutation of the integration and the limit is possible due to the dominated
convergence theorem, and lim,, ., w! = w, on J(w)® by Proposition 6.11. O
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6. Convergence of fast switching processes

Theorem 6.13. X° weakly converges to X in Dj_111[0, 00).

Proof. To prove the convergence of X¢ to X we have to verify the three conditions from
Theorem 6.8.

For the first condition we have to find a deterministic increasing function F' that strictly
majorizes the function min{z?, 1} * v(w) for all w € .

With C' = max(; y)cpyxm(A@,y) + pu(z,y)) we get

min{z? 1} * v, (w) = % / Z AN Xs(w),y) + p(Xs(w), y)lr(y)ds
0 yeM

% /0 t > Cr(y)ds

yeM

IA

4

This function can clearly be strictly majorized.
The second condition follows from Proposition 6.12 and the third condition is proved in
Proposition 6.10. [

6.3.5 Interpretation of the fast switching convergence in the
agent model

We saw in this section that the agent component of our model with a super agent tends to a
birth and death process, if the super agent switches his opinion very fast. The behaviour of
the trading agents in our starting model is characterised by the functions a, b : M — Rx.
Here a(y) describes the overall tendency to switch and b(y) the tendency due to group
pressure if the opinion of the super agent is y € M. The behaviour of the super agent is
given by the transition matrix @) = (¢;;)ijem. For the limiting case we need the further
assumption that there exists a unique limiting distribution = : M — [0, 1] for the process
of the super agent. This process is a pure jump process on M with transition matrix Q).
Due to the fact that M is a finite set, this assumption is fulfilled under weak conditions
on Q).

Then the limiting process is a birth and death process on [—1,1] with birth and death
rates

w0 = 3 [Fra-a (B i) | ),

yeM
N? 2a(y)
ue) = 3 [Farn) (252 4o - o) 50
yeM
Let us look at a model without a super agent, as defined in Section 3.2, with parameters

i=Y a(y)r(y) and b= b(y)r(y).

yeM yeEM
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6.3. Convergence of fast switching birth and death processes

Then the agent process for this model is a birth and death process with birth and death
rates

N2 2 (%, emay)n(v)) . (

Mz) = —(1-2) N Zb@)w@)) (1+2)].
yeM
2 2 (2 yemaly)m(y)
iw) = S+ ( = >+<Z b<y>w<y>> (-2
yeM

Obviously we have A = X and i = p. Hence the limiting model in the case of a fast
switching model with a super agent may be viewed as a model without super agent. The
parameters are weighted sums of the parameters in the model with a super agent, and the
weights are constituted by the stationary distribution of the super agent process.

6.3.6 Conclusion

An intuitive guess may be that very fast switching in the environment of the market
participants might lead to instability of the market. The mathematical analysis shows
that this is not the case. In fact, the market becomes stable and we may even compute
for given () the stationary distribution.
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Appendix A

Mathematical basics for stochastic
processes and their convergence

Let (€2, A, P) be a probability space and (F,€) a measurable space. Further let
X : Q x [0,00) = E be a stochastic process.

A.1 Basic definitions

In this section we give a short overview of the basic mathematical definitions for stochastic
processes. For more detailed information we refer to [9] and [16].

We start with the flow of information on the probability space (€2,.4, P) that is given by
a filtration.

Definition A.1 (filtration). A family of o—fields (F;);>0 is called filtration, if F; C F;
for all s <t. A filtration (F;);>¢ is right continuous if 7, = (1., F for all £ € [0, 00), and
called complete, if {A € A: P(A) =0} C Fy.

For the rest of the appendix let (F;):;>o be a right continuous and complete filtration.

Definition A.2 (adapted). The stochastic process X : 2 x [0,00) — F is called adapted
to (F)is0, if X; : Q — E is F,—measurable, i.e. X; '(C) € F, for all C € €.

Next we define the path of a stochastic process.

Definition A.3 (cadlag, cag, continuous). For all w € Q the function o : [0,00) — E
with o = X;(w) is called the path of X relative to w. The stochastic process X is called
continuous if all paths (a*)eq are continuous and cadlag (continue a droite, limitée a
gauche) if all paths are right continuous and with existing left limits. A process is called
cag (continue a gauche) if all paths are left continuous.

From now on we assume that X is a cadlag process.
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A. Mathematical basics for stochastic processes and their convergence

Definition A.4 (conditional expectation). Let Y : Q@ — E be an integrable random
variable, i.e. E|Y| < oo, then the conditional expectation of Y given F; is denoted by
E(Y|F;) and is a F;—measurable random variable such that

/E(Y\]—"t)dP = / YdP, for all A € F,.
A A

The main properties of the conditional expectation are given in the next proposition.

Proposition A.5. Let Y,Y,Ys : Q — FE be integrable random wvariables and let
s,t € [0,00] with s <t. Then holds

1. E(E(Y|F)) = E(Y).

2. E(aY) 4+ bYs|F) = aE(Y1|F) + bE(Ya|F) for all a,b € R.

3. If Y1 <Ys then E(Y1|F;) < E(Ya|F).

4. E(hY|F;) = hE(Y|F:) for all Fi—measurable bounded random variables h.
5. BE(E(Y|F)|Fs) = E(Y|F).

Proof. See [16], Theorem 6.1.
Now we are able to define martingales.

Definition A.6 (martingale). The process X is a martingale, if it is (F;)i>0 adapted,
integrable and for all ¢ € [0, c0) holds

E(X3|Fs) = X for all s < t.

A.2 Weak convergence in Dg|0, c0)

In this section we introduce the space Dg[0,00) for a metric space (E,r) and show the
main definitions for the weak convergence in Dg[0, 00). References for more details are
8],[12] and [15].

Definition A.7 (Dg[0,00)). We denote by Dg[0,00) the space of all cadlag functions
a:[0,00) — E.

On this space we define the Skorokhod metric.

Definition A.8 (Skorokhod metric). Let A be the collection of all strictly increasing
surjective functions A : [0,00) — [0, 00) which are Lipschitz continuous with

YOV = sup |In (M>' < .

§>1t>0 s—1
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A.2. Weak convergence in D0, o0)

For a, f € Dg|0, 00), define the Skorokhod metric

da,5) = fnf max {3, [ e dlay. g |
0

A€A

where
d<a7 Ba )‘7 U) = S;;(I)) f(amin{t,u}a ﬂmin{)\(t),u})-

Here 7 is the metric 7(z,y) = min{r(z,y),1} on E.
Then it follows that (Dg[0, 00),d) is a metric space and the following theorem holds.

Theorem A.9. If E is separable, then Dg[0,00) is separable. If (E,r) is complete, then
(Dg[0,00),d) is complete.

Proof. See [12], Theorem 5.6, Chapter 3.

The Skorokhod topology on Dg[0, 00) is the topology generated by the Skorokhod metric.
To get a probability space we need a o—field on Dg[0,00). For this we take the Borel
o—field Dg, that is generated by all open sets relative to the Skorokhod topology. Another
characterisation of the o—field D is given in the next proposition.

Proposition A.10. For allt € [0,00) define m; : Dg[0,00) — E by m(a) = . Then, if
E is separable,
Dgp=oc({m:t€0,00)}),

the o— field generated by {m; : t € [0,00)}.

A.2.1 Convergence in Dg|0, c0)

Let (E,r) be a separable and complete metric space. For a stochastic process
X : Q — Dgl0,00) the law L£(X) of X is the probability measure on the measurable
space (Dgl0,00), Dg) generated by X, i.e.

(LX) (A) = P(X HA)) = PHwe Q: X(w) € A}) for all A € Dg.

We consider a sequence (X"),en of E defined on probability spaces (", A", P™).

Definition A.11 (weak convergence in Dg[0, 00)). We say that (X™),cn weakly converge
to X in Dg[0, 00) or equivalent the laws £(X™) weakly converge to £(X) in Dg|0, 00), if the
laws L£(X™) converge to £(X) in distribution, i.e. for all bounded Skorokhod continuous
functions g : Dgl0,00) — R

/ gdL(X™) — / gdL(X).

Definition A.12 (convergence in finite-dimensional distributions). Let D be a subset of
[0,00). Then (X™),en converges to X in finite-dimensional distributions along D, if

(X7

PERRE

, Xi Jnen converges to (Xy,, ..., Xy, ) in distribution for all £, € D,k € N.
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A. Mathematical basics for stochastic processes and their convergence

In the next propositions we show connectedness between the weak convergence in D0, 00)
and the convergence in finite-dimensional distributions.

Proposition A.13. Let J(X) = {t € [0,00) : P(AX; # 0) > 0} and let (X")nen
weakly converges to X in Dg[0,00). Then (X™)nen converges to X in finite-dimensional
distributions along D = [0,00) \ J(X).

Proof. See [15], Proposition 3.15, Chapter V1.

Definition A.14 (tightness). The sequence (X™),en is tight if for every € > 0 there is a
compact set K of E such that P"(X" ¢ K) < ¢ for all n € N.

Proposition A.15. If (X™)nen is tight and there exists a dense subset D of [0,00) such
that (X™)pen converges to X in finite-dimensional distributions along D, then (X™)nen
weakly converges to X in Dgl0, 00).

Proof. See [12], Theorem 7.8, Chapter 3.
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